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To extend the sensing of human vision, radio frequencies have found prolific 

wireless applications in everyday life, e.g., wireless communication, radar, and 

radiometry. To overcome the crowded microwave spectrum, millimeter wave (mmW) 

frequencies have gained tremendous interest in these systems within several spectral 

windows, i.e., 35 GHz, 77 GHz, 95 GHz, and 140 GHz, due to their low atmospheric 

propagation loss. Additionally, mmWs can provide gigabyte data transmission rates 

for wireless communication systems and high resolution for radar and radiometry 

systems. To date, most mmW wireless systems have been implemented at Ka-band, 

i.e., 35 GHz, where they can be directly extended from the traditional microwave 

systems. However, as the frequency increases to W-band, such as 77 GHz and 95 GHz, 

RF engineers encounter nontrivial challenges from various technical aspects. 

In a general sense, the most critical part of wireless communication, radar, and 

radiometry systems is the receiver. Despite the different mechanisms and applications 

of these receivers, it should be noted that they have similar front-end components, i.e., 

antennas, pre-amplifiers, and filters. Assembling these components can achieve a 

front-end receiving module, which could potentially be utilized in most wireless 

systems. 

To this end, I present my work on the development of a W-band front-end 

receiving module, consisting of a high-gain antenna, high-gain low noise amplifiers, 

bandpass filters, transmission lines, and their transitions for interconnection. To 

ABSTRACT
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minimize the dielectric loss, liquid crystal polymer (LCP) is selected as the module 

substrate, which has a low loss tangent and low dielectric constant at W-band. To 

achieve high density, light weight, low profile, and low power consumption, the 

proposed module is designed on a multilayer circuit. The multilayer circuit is 

fabricated using the commercial state-of-the-art large-panel circuit print technologies, 

achieving low unit price and short manufacturing cycle. Multi-chip module packaging 

technologies have been developed to achieve a net gain of more than 50 dB for the 

proposed module, while maintaining linear phase and low electromagnetic 

interference. By using the state-of-the-art low noise amplifiers, the noise figure of the 

module can be minimized below 6 dB at W-band, which can satisfy most wireless 

receiving applications. The designed antenna, transitions between various transmission 

lines, low noise amplifies, and developed integration and packaging technologies 

achieve an ultra-wide bandwidth that covers most of the frequencies in the W-band, 

providing sufficient bandwidth for gigabyte data transmission rates in wireless 

communication systems. For narrow-band applications, i.e., radiometry and frequency 

division multiplexing, the designed filters and directional filters can be utilized to pick 

out the frequencies of interest. In conclusion, the proposed front-end receiving module 

may find many applications in various wireless systems at W-band, i.e., wireless 

communication, radar, and radiometry. 
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INTRODUCTION  

1.1 Millimeter Wave Frequencies 

Visible light, mainly emitted by our sun, is located within an electromagnetic 

spectrum with a wavelength between 390 and 700 nm. To sense objects in other 

regions of the electromagnetic spectrum, such as radio frequency (RF), infrared (IR), 

and X-ray, various instrumental technologies have been developed. For instance, RF 

radar systems provide significantly larger range and resistance to atmospheric 

disturbances for remote sensing and tracking. IR cameras provide night vision by 

capturing terrestrial temperature radiation at wavelengths of approximately ten 

microns. X-ray systems have been utilized for medical and security screening due to 

their ability to penetrate optically opaque materials. To date, electromagnetic 

frequencies have found prolific irreplaceable applications in our daily life, such as 

amplitude modulation (AM)/frequency modulation (FM) radio, television (TV) 

broadcast, global positioning system (GPS), remote control, wireless communication, 

fiber optic communication, astronomy, and RF identification (RFID).  

However, it should be noted that there exists a region of the electromagnetic 

spectrum, between microwave and IR frequencies, with relatively less exploration, 

which is referred to as the millimeter wave (mmW) region. As its name implies, mmW 

spectrum has a wavelength measured on the order of millimeters in free space and 

extends from 30 to 300 GHz, as can be seen in Figure 1.1. Typically, the microwave 

spectrum is defined from 300 MHz to 300 GHz, covering mmW frequencies. However, 
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Figure 1.1. Electromagnetic spectrum and the corresponding applications [1]. 

most microwave systems and devices are developed below 30 GHz. To distinguish 

mmW from microwave, in this dissertation microwave frequencies are considered 

from 300 MHz to 30 GHz.  

The relatively ‘unused’ mmW frequencies can provide many remarkable 

advantages to current wireless applications. On one hand, when compared to 

microwave systems, mmW frequencies can provide high resolution with low profile, 

while maintaining the high reflectivity contrast provided by good conductors. On the 

other hand, mmW radiation addresses a unique ability to penetrate fog, cloud, smoke 

cover, and sand and dust storms, which blind all current optical and IR systems. Also, 

millimeter waves can penetrate thin dielectrics, e.g., clothing and thin walls. For these 

reasons, this frequency range has gained tremendous interest in various applications, 
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Figure 1.2. Propagation attenuation of electromagnetic waves in atmospheric 
conditions with different relative humidity (RH) and fog visibility [2]. 

spanning from remote sensing, security scanning, collision avoidance radar, high data 

rate communication, satellite and aircraft radars, to imaging.  

1.2 W-band Frequencies and Their Challenges 

For wireless systems, which constitute many of the contemplated mmW 

applications, the level of atmospheric attenuation experienced is of paramount 

importance. Water vapor and atmospheric oxygen introduce a high level of attenuation 

at certain frequencies within the mmW regime. Figure 1.2 illustrates the atmospheric 

absorption of electromagnetic waves with different levels of relative humidity and fog 

visibility [2]. It can be seen that there are four spectral windows of interest for wireless 

applications centered at 35 GHz, 94 GHz, 140 GHz, and 220 GHz. Each window has 

relative pros and cons. Using the 220 GHz window can provide over six times more 
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spatial resolution than the 35 GHz window, however, with a cost of largely increased 

atmospheric absorption, i.e.,, from 1.5 dB/km to 20 dB/km. To date, most mmW 

systems have been developed at Ka-band, i.e., 35 GHz, mainly due to the ease of 

detector fabrication as well as the availability of material and source. As the frequency 

increases to W-band, namely 75-110 GHz, the traditional wireless systems suffer from 

significant challenges of various aspects, i.e., substrate material, fabrication resolution 

and tolerance, electromagnetic interference (EMI), and measurement. These 

challenges are discussed in detail separately in the following subsections. 

1.2.1 PCB Materials 

Printed circuit boards (PCBs) mechanically support and electrically connect 

electronic components using conductive tracks, pads, and other features, which serve 

as the foundation for virtually all wireless electronic products, ranging from consumer 

products, i.e., smartphones, touch screen tablets, and personal computers, to high-end 

commercial electronic equipment and aerospace and defense electronic systems. 

According to the estimates from the Institute for Interconnecting and Packaging 

electronic Circuits (IPC)-Association Connecting Electronics Industries, the 

worldwide market for PCBs is approximately $59 billion in 2012 [3]. As can be seen 

in Figure 1.3, the PCBs’ application trend is towards high frequencies and high density 

interconnection (HDI), in terms of multilayer circuitry and micro vias, which 

introduces critical challenges to the traditional PCB materials. For instance, FR-4, the 

most traditional and well-known PCB material, still having lots of applications in 

planar and rigid-flexible circuits, has a significant loss tangent of higher than 0.025 at 

W-band [4]. Polyimide, which dominates 85% of the flexible circuit market [4] and 

large portion of the multilayer circuit market, also suffers from high loss at high 
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frequencies as well as high water absorption. To date, tremendous efforts have been 

done to investigate new materials for high-frequency applications. Table 1.1 lists the 

materials properties, including dielectric constant, loss tangent, water absorption, 

(a) 

(b) 

Figure 1.3. (a) World PCB production by type of substrates in 2010 from Ref. [5], 
and (b) market response of frequencies reported by military and aerospace 
participants from Ref. [3].  
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coefficient of thermal expansion (CTE), and density of some traditional and new 

substrate materials. To minimize the dielectric loss in printed circuits at high 

frequencies, low loss tangent and low dielectric constant are of primary importance. 

Polytetrafluoroethylen (PTFE) Teflon, low temperature co-fired ceramic (LTCC), and 

liquid crystal polymer (LCP) are the three promising candidates for high frequency 

applications. PTFE can provide low dielectric constant and low loss tangent below 100 

GHz. However, its CTE is as high as 110 ppm/ºC [6], which is much larger than that 

of the traditional cladding metals, e.g. 16.8 ppm/ºC for gold. LTCC is hermetic, and 

has zero water absorption. However, it is expensive, has relatively high dielectric 

constant and density, and requires a high temperature of 850ºC for multilayer 

lamination [7]. Among these three materials, LCP has gained tremendous interest due 

to its perfect material properties. LCP is cheap and flexible, and has a tunable CTE 

from 0 to 40 ppm/ºC, which can be compatible with most traditional metal claddings, 

i.e., gold, copper, and silver. It can provide a low dielectric constant from 2.9 to 3.2 

and a low loss tangent of less than 0.0045 from DC up to 110 GHz [8]. Also, LCP is 

preferred for multilayer circuitry due to its low lamination temperature of less than 

Table 1.1. Material properties of traditional and new PCB substrates [4] and [6]-[8]. 

Substrate Dielectric 
constant 

Loss 
tangent 

Water 
absorption

CTE 
(ppm/ºC) 

Density 
(g/cm3) 

Test 
frequency 

FR-4 4-4.8 0.025 0.15% 15 1.85 <10 GHz 
Polyimide 2.9-3.9 0.03 1%-5% 20 1.4-1.7 <10 GHz 

PTFE 2.1-2.5 0.003 0.03% >112 2.1 <100 GHz 
LTCC 5.7-9.1 <0.0063 0 5.8-7 3.2 <12 GHz 
LCP 2.9-3.2 <0.0045 0.04% 0-40 1.4 <110 GHz 
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300 ºC. However, LCP has not been widely used so far. Many PCB manufacturers do 

not provide LCP as PCB material.  

1.2.2 Fabrication Limits 

PCBs can be manufactured mechanically using PCB milling or laser ablation, 

or chemically using photolithography techniques. To reduce the cost and 

manufacturing cycle, the printed circuits of wireless systems are typically fabricated 

using commercial large-panel PCB technologies, which, however, have to sacrifice the 

resolution of circuit components. In this section, I depict the limits of commercial 

large-panel fabrication technologies that will be employed for the development of the 

front-end receiving module in this dissertation. 

Typically, laser ablation and photolithography techniques are preferable to 

achieve better fabrication resolution for printed circuits. However, their resolutions are 

limited by the laser spot size and aspect ratio of the etch solution. To date, the 

resolution of circuit patterns fabricated using the state-of-the-art commercial large-

panel PCB technologies is 2 mil or 50.8 μm [9], which is electrically ‘small’ at 

microwave frequencies. As the frequency increases to W-band, the feature dimensions 

of the circuit devices reduce dramatically. In this case, some traditional transmission 

lines, e.g., slot-lines and coupled microstrip lines [10], become very lossy and some 

tightly-coupled devices cannot obtain sufficient coupling, e.g., planar quarter-

wavelength directional coupler [11] at such high frequencies. To mitigate this problem, 

thin metal claddings or electroplating have been utilized to achieve higher resolution 

[8]. However, they are expensive for large-panel, large-quantity applications.  

The HDI multilayer circuits are stacked by using bond plies to laminate core 

layers and micro vias to connect different circuit layers. Under commercial standards, 
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vias are typically drilled by using a laser at high frequencies. Limited by the laser spot 

size, e.g., 200 μm for neodymium-doped yttrium aluminium garnet (Nd:YAG) laser in 

Compunetics Inc. [9], the vias’ resolution is determined by the substrate thickness and 

laser drilling aspect ratio, the latter of which is suggested to be larger than 1.25:1 [9] 

[12]. That is to say, on a 200μm thick substrate, the diameter and pitch of the vias 

should be larger than 250 μm, which is electrically ‘small’ at microwave frequencies. 

However, at W-band, the pitch and diameter of the vias (250 μm) become electrically 

‘large’ in terms of wavelength, which may increase the radiation loss of transmission 

lines, e.g., substrate integrated waveguides (SIWs), and parasitic capacitance for 

substrate modes. The ring pad of a via is typically 125 �m larger than the via itself [9], 

which may lead to impedance mismatch and parasitic capacitance at W-band. Also, the 

multilayer devices are sensitive to the layer-to-layer registration tolerance and bond-

ply thickness variations at such high frequencies. 

1.2.3 Electromagnetic Interference 

Electromagnetic interference, also called radio-frequency interference (RFI) in 

the RF spectrum, is a disturbance generated by an external source that affects an 

electrical circuit by electromagnetic induction, electrostatic coupling, or conduction. 

The EMI discussed in this section is between the circuit components on the circuit 

level. As the device dimensions scale down at W-band, the device density increases 

significantly and, thereby, many EMI problems may be easily excited in printed 

circuits in term of crosstalk between the adjacent devices and transmission lines. The 

crosstalk typically occurs in the near field region by means of substrate modes in the 

circuit substrate, surface waves above the ground, or radiation in free space. For 

instance, at W-band, the vias with electrically ‘large’ diameter in electrically ‘thick’ 
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substrates may excite substrate modes more easily [13] and a traditional single wire 

bond may radiate energy to free space and excite surface waves [14].  

On the circuit level, EMI may increase the noise floor and data error rate of the 

transmitting signals and degrade the performance of active devices, e.g., oscillation in 

amplifiers. To minimize the crosstalk between circuit components and improve 

electromagnetic compatibility (EMC) of the proposed module at W-band, shielding 

structures, such as via barriers and SIWs, may be desired in the substrates to eliminate 

substrate modes, and conductive housing may be desired to capsulate the active 

components and isolate them in free space. Also, attenuation structures and absorption 

materials may be of great interest for some applications, e.g., high-gain cascaded 

active components. 

1.2.4 Measurement Limits 

An RF device under test (DUT) is typically characterized using a network 

analyzer to measure its S-parameters. At microwave frequencies, the DUT can be 

integrated with surface-mounted connectors (SMCs) and connected to the analyzer 

using coaxial cables. However, at W-band, coaxial cables and SMCs are lossy and 

expensive [15]-[16]. Alternatively, WR-10 waveguides can be utilized for connection, 

and ground-signal-ground (G-S-G) probes can be employed to couple RF signals into 

and out of the DUT. However, waveguides are rigid and bulky and probes are easily 

broken, which introduces many difficulties to the measurement system set-up. For a 

multi-port DUT, 50 � resistors are typically employed as good loads to minimize the 

reflection in measurement and practical applications at low frequencies. However, the 

state-of-the-art 50 � resistors can only work up to 50 GHz, and become significantly 
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inductive at W-band [17]. In this case, new loads and attenuation structures have to be 

investigated for high frequency applications. 

The measurement of an antenna is different from that of the non-radiating 

DUT. To characterize an antenna’s far-field properties, far-field or near-field antenna 

measurement systems have to be employed. At W-band, commercial antenna 

measurement systems are very expensive. Thus, to build a far-field measurement 

system at W-band, lossy coaxial cables and connectors, unbendable waveguides, 

vulnerable probes, and bulky and heavy rotation stage may have to be utilized, which 

may introduce many challenges into the measurement system. Also, antennas are more 

sensitive to electrically ‘large’ metallic structures in their near field region at W-band. 

To date, many antennas reported at W-band cannot be demonstrated experimentally 

[18] or have to be demonstrated at microwave frequencies with scaled dimensions [19]. 

1.3 Wireless Systems and Their Applications at W-band 

A wireless system consists of passive and active RF components arranged to 

perform a useful function without the use of wires. The three most important and 

widely-used wireless systems are wireless communication, radar, and radiometry. In 

this section, I will discuss the basic conception of these three systems to reveal a 

general overview of their similarity and applications at W-band. 

1.3.1 Wireless Communication Systems 

Wireless communication systems transfer information between two points 

without direct physical connection, which can be achieved by using sound, infrared, 

optical, or radio frequency energy. Most modern wireless systems utilize RF 

frequencies that range from 800 MHz to a few GHz, which are able to penetrate fog, 
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rain, snow, dust, and foliage. Their applications can be found in broadcast radio and 

television, cellular phone and networks, wireless local area networks (WLAN), GPS, 

direct broadcast satellite (DBS) service and so on. To avoid the crowded microwave 

spectrum, W-band frequencies have gained great interest for wireless communications 

because they can provide high data transmission rates up to tens of gigabyte/second. 

Recently, the Federal Communication Commission (FCC) has defined 75 GHz, 85 

GHz, and 95 GHz for gigabyte date rate communications, which may be utilized in 

local area networks, metropolitan links, satellite and aircraft communications, and 

future cellular phones.  

The block diagram of a general wireless communication system is illustrated in 

Figure 1.4. The baseband signals are modulated onto a carrier, amplified, and then 

radiated by the transmitting antenna. The power captured by the receiving antenna can 

be expressed as [11]: 
 

�� �
�����

�

�	
���
�� ����� 

Figure 1.4. Block diagram of a basic wireless communication system [11]. 
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where ��and �� are the gains of the transmitting and receiving antennas, respectively, 

�  is the wavelength in free space, �  is the distance between the transmitter and 

receiver, and ��  is the transmit power. This equation is known as Friis radio link 

formula, which can be interpreted as the maximum possible received power in practice. 

According to Equation (1.1), to capture more power for the receiver, the receiving 

antenna should have high gain. Next, on the receiver side, the received signals are pre-

amplified, down-converted to the baseband, filtered, amplified, and then converted to 

digital signals.  

1.3.2 Radar Systems 

Radar (RAdio Detection And Ranging) is an electromagnetic system for 

detection and location of remote objects and constructs one of the oldest applications 

of RF wireless technology, dating back to World War II. It operates by transmitting a 

particular type of waveform and detecting the nature of the echo signal reflected back 

from a distant object [20]. Radar is employed to extend the capability of a person’s 

senses for observing the environment. It can see through the conditions that are 

impervious to human vision, such as darkness, haze, fog, rain, and snow, and can 

measure the relative distance and velocity of the target. Its applications can be found 

in civilian and military systems, such as airport surveillance, navigation, detecting and 

targeting, mapping and imaging, astronomy, reconnaissance, and speed measurement. 

Based on the mechanism, radar systems can be classified into two categories: 

monostatic radar and bistatic radar. The former uses the same antenna for both 

transmitting and receiving, while the latter uses two separate antennas to achieve the 

same functions. Since most radar systems are monostatic, I only give the radar 

equation for the monostatic radar in this section. The bistatic case is very similar. The 
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mechanism of a basic monostatic radar system is illustrated in Figure 1.5. The 

transmitted signal is reflected back from a distant object, and captured at the same 

location. The received power can be described in the following formula [20]: 
 

�� �
���

����

	
����
� 	���� 

where �  is the antenna gain, �  is the wavelength in free space, �  is the distance 

between the transmitter and receiver, �� is the transmit power, and � is the radar cross 

section (RCS) of the target. RCS is defined as the ratio of the scattered power in a 

given direction to the incident power density and is a property of the target itself 

depending on the frequency, polarization, and incident/reflected angles. In the receiver, 

the signals captured by the antenna will be amplified, down-converted to an 

intermediate frequency (IF), filtered, and detected for imaging.  

Conventional radar systems generally have operated at frequencies extending 

from about 220 MHz to 35 GHz, a spread of more than seven octaves. Interest in W-

Figure 1.5. Block diagram of a basic monostatic radar system [11]. 
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band frequencies stems from the distinct characteristics exhibited by radar at these 

frequencies, i.e., large bandwidth, small antenna size, and short wavelength, as well as 

avoiding crowded low frequencies. Large bandwidth means high range-resolution, and 

can reduce the likelihood of mutual interference between equipment, which introduces 

vulnerabilities in electronic countermeasures [20]. Small antennas and short 

wavelengths allow narrow beamwidths for high directivity with physically small 

apertures. Narrow beamwidths are important for high-resolution imaging radar and to 

avoid multipath effects when tracking low-altitude targets. Also, short wavelengths 

can offer high accuracy for the velocity measurement of Doppler radars, and makes it 

possible to explore the targets whose dimensions are electrically ‘large’ at W-band and 

‘small’ at microwave frequencies. The above mentioned attributes of W-band 

frequencies suggest potential applications in low-angle tracking, interference-free 

radar, electronic counter-countermeasures (ECCM), cloud-physics radar, high-

resolution radar, fuses, and missile guidance.  

1.3.3 Radiometry Systems 

A radar system detects a distant target by transmitting a signal and receiving its 

echo from the target and, thus, can be described as an active sensing system. In 

contrast, radiometry is a passive technique that captures information of a target solely 

from its blackbody radiation (noise). Any object in thermodynamic equilibrium at a 

temperature, �, radiates energy according to Planck’s radiation law. In the microwave 

and millimeter wave region the radiated power is [11]:  

� � ���� ��	
� 
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where � is Boltzmann’s constant, � is the system bandwidth, and � is the temperature 

in degrees kelvin. This result strictly applies only to a blackbody, which is defined as 

an idealized material that absorbs all incident energy and reflects none. A non-ideal 

blackbody will partially reflect incident energy, thereby radiating less power than an 

ideal blackbody at the same temperature. Thus, for radiometric purpose, a brightness 

temperature, ��, should be defined as follows: 

�� � ��� �	
�� 

where � is the physical temperature of the body, and � is the emissivity of the body, 

representing the ratio of the power radiated by a body to that radiated by a perfect 

blackbody at the same temperature. The objective of radiometry is to infer information 

about the scene from the measured brightness temperature and an analysis of the 

radiometric mechanism that relates the brightness temperature to physical conditions 

of the scene.  

 

Figure 1.6. Block diagram of a basic microwave radiometer [11]. 
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The block diagram of a basic radiometer is illustrated in Figure 1.6. Blackbody 

radiation is omnidirectional and, therefore, the power captured by the receiving 

antenna can be described as 

�� �
���

��	
��
�� ����� 

where �  is the receiving antenna gain, �  is the wavelength in free space, 
  is the 

distance between the target and receiver, and �� is the blackbody radiation power of 

the target. The front-end unit of the receiver of a radiometer is similar to that of 

wireless communication and radar systems, consisting an antenna to capture signal, a 

low noise amplifier (LNA) as a preamplifier, a down-conversion unit, and an IF stage. 

Microwave radiometry has been developed over the last thirty years into a 

mature technology, which is strongly interdisciplinary and includes electrical 

engineering, oceanography, geophysics, atmospheric and space sciences and so on 

[11]. Its applications include mapping, surveillance, astronomy, target detection and 

recognition, and profile of temperature, moisture, and humidity. To achieve high 

resolution and reduce system size and weight, W-band frequencies have been 

investigated for advanced radiometers [21]. Similar to radar systems, W-band 

frequencies can provide large bandwidth, small antenna size, and shorter wavelengths 

to radiometers. According to Equation (1.3), larger bandwidth means stronger radiated 

power for a black body. For a given aperture size, shorter wavelengths and small 

antennas allow narrow beamwidths for high directivity within a physically small 

profile, thus increasing the resolution.  
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1.4 W-band Front-End Receiving Module in Multilayer LCP Substrates 

In the previous section, three important RF systems, namely, wireless 

communication, radar, and radiometry, and their applications at W-band have been 

discussed. These three systems have many discrepancies in their system topologies, 

mechanisms, and applications. However, it should be noted that the front-end unit of 

their receivers are similar, as can be seen in Figures 1.4, 1.5, and 1.6, where the 

desired signals are all captured using antennas, pre-amplified using LNAs, and 

selected using filters. To cover a large dynamic range with high power, high gain 

antennas are necessary in the receivers. To reduce the receivers’ noise figure, low 

noise amplifiers are typically integrated after the receiving antennas to improve the 

signal-to-noise ratio (SNR). Filters are utilized to obtain the spectra of interest and 

employed virtually in all wireless systems. These components all have the same 

function in the various receivers and can be integrated together as a front-end 

receiving module, which could potentially be utilized in various wireless systems. 

1.4.1 State-of-The-Art 

To reduce the unit price and manufacturing cycle for large quantity production, 

the proposed front-end receiving modules are fabricated using commercial state-of-

the-art large-panel circuit print technologies [9]. LCP is chosen as the PCB substrate 

due to its unique advantages discussed in Section 1.2.1. To achieve broad bandwidth 

for wireless communications, the antenna and transitions in the front-end receiving 

module are designed with an ultra-wide bandwidth spanning the W-band frequencies. 

A state-of-the-art high-gain wideband LNA, Northrop Grumman ALP283, is chosen 

as the pre-amplifier to minimize the noise figure and improve SNR. Filters and 

directional filters are also developed as options for narrowband applications. To 
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achieve sufficient net gain for the three wireless applications, a multi-chip module 

with cascaded LNAs is proposed. To minimize the EMI induced by the high gain in a 

compact module at high frequencies, shielding structures, i.e., via barriers and 

substrate integrated waveguides, are designed and distributed in the LCP substrates 

and a metallic housing is designed to isolate the LNAs in air. To reduce the size, 

weight, and power consumption (SWaP), the front-end module is designed on 

multilayer circuits, whose detailed advantages will be addressed in the following 

subsection.  

1.4.2 Multilayer Circuitry 

A multilayer circuit comprises two or more core layers that are stacked 

together with bond-ply layers and reliable predefined mutual connection between them. 

Typically, the core layers with metal claddings are utilized to pattern the circuits, and 

the bond-ply layers are utilized for lamination. To date, multilayer circuits have been 

widely used in various applications, particularly in the high-end military and 

aerospace electronic equipment. As can be seen in Fig. 1.3 (a), multilayer circuits 

occupy more than 50% of the PCB market in 2010. As electronic devices become 

smaller, the single-sided and double-sided PCBs cannot satisfy the increasing 

assembly density due to their limited available space. Also, they are not suitable to 

avoid parallel lines, minimize signal line length, and shield sensitive devices due to the 

limited intersections that can be achieved. Under the demand of large number of 

interconnections and crosses, multilayer circuits are developed to achieve a 

satisfactory performance. Compared to the traditional single-sided and double-sided 

circuits, multilayer circuits can provide numerous advantages, i.e., high assembly 
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density, compact size, light weight, low interconnection loss, reliability, flexibility, 

high-speed, multi-function, and layer-to-layer electrical isolation. 

1.5 Dissertation Outline 

In this dissertation I present my research on the development of a front-end 

receiving module based on multilayer LCP substrates at W-band, consisting of passive 

components, i.e., antennas, filters, transmission lines, and transitions, and active 

components, i.e., LNAs and their integration with printed circuits. The detailed 

discussion of these components is organized as follows:  

In Chapter 2, I present a high gain linearly tapered antipodal slot antenna 

(LTASA) on a thin film liquid crystal polymer substrate for the applications of 

wireless receivers at E- and W-bands. This chapter begins with the system aspects of 

the receiving antennas in Section 2.1 and the challenges of antennas at W-band 

discussed in Section 2.2. The design and measurement of the proposed LTASA and an 

optically-addressed antenna far-field measurement system is discussed in detail in 

Section 2.3. The proposed LTASA achieves an ultra-wide band (UWB) of operation 

from 47 to 110 GHz, a gain of 17±0.5 dBi, narrow beamwidth, low side lobes, and low 

cross-polarization.  

In Chapter 3, four ultra-wideband transitions in multilayer LCP substrates are 

presented, namely, conductor-backed coplanar waveguide (CBCPW)-to-stripline 

vertical transition, microstrip (MS) line-to-substrate integrated waveguide (SIW) 

transition, SIW-to-rectangular waveguide transition, and MS-to-coplanar waveguide 

(CPW) transition. In Section 3.1, I discuss the circuit components potentially desired 

for interconnection and integration in the front-end receiving module. Then, these four 
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transitions are presented individually from Section 3.2 to Section 3.5. The proposed 

four transitions achieve low loss, low reflection, and ultra-wide bandwidth at W-band. 

In Chapter 4, I present the integration and packaging technologies for multi-

chip modules and a 50dB gain double-LNA module in multilayer LCP substrates at W-

band. First, the utilized state-of-the-art W-band LNA is described in Section 4.1. Then, 

the topology of the multilayer LCP carrier and V-shape low profile wire bonding are 

depicted in Section 4.2 and Section 4.3, respectively. In Section 4.4, the double-LNA 

module and its package are presented. The proposed double-LNA module achieves a 

gain of more than 46.5 dB and a noise figure of less than 6 dB from 80 to 100 GHz.   

In Chapter 5, a SIW-based filter and a MS line-based directional filter in 

multilayer LCP substrates at 95 GHz are presented. In the beginning of this chapter, I 

discuss the challenges for filter design and fabrication at W-band. Then, the SIW filter 

and directional filter are depicted in detail in Section 5.2 and Section 5.3, respectively. 

The former has an insertion loss of 1.5 dB at 95 GHz and a 3dB bandwidth from 90.8 

GHz to 98.5 GHz, and the latter achieves an insertion loss of 3 dB at 96 GHz and a 

3dB bandwidth of 8% centered at 96 GHz. 

In Chapter 6, I summarize this dissertation and discuss the future direction of 

my research.  

1.6 List of Original Contributions 

Most of my research as a Ph.D. student in the Department of Electrical and 

Computer Engineering at University of Delaware are presented in this dissertation. 

Here, I list the original contributions of my work as follows: 

� A linearly tapered antipodal slot antenna at E- and W-bands was proposed and 

demonstrated with high gain, ultra-wide bandwidth, narrow beamwidth, low 



 21

side lobes, and low cross-polarization. To characterize the gain and radiation 

patterns of the proposed antenna, an optically-addressed antenna far field 

measurement system was proposed and constructed; 

� A novel ultra-wideband conductor-backed coplanar waveguide-to-stripline 

vertical transition was proposed and demonstrated in multilayer liquid crystal 

polymer substrates. The transition achieves low insertion loss and low 

reflection from DC to 80 GHz; 

� A novel ultra-wideband substrate integrated waveguide-to-rectangular 

waveguide transition in multilayer liquid crystal polymer substrates was 

proposed and demonstrated at W-band. The proposed transition avoids using 

guided vias, eliminates the potential substrate mode, and addresses low 

insertion loss from 70 to 110 GHz; 

� Integration and packaging technologies of high-gain multi-chip module were 

developed in multilayer liquid crystal polymer substrates at W-band. A novel 

double-LNA module was integrated and packaged on a four-layer liquid 

crystal polymer carrier, achieving a net gain of higher than 46.5 dB and a noise 

figure of less than 6 dB from 75 to 100 GHz; 

� A substrate integrated waveguide filter at 95 GHz was proposed and 

characterized to demonstrate its application possibility in commercial large-

scale printed circuitry at W-band; 

� A microstrip line-based directional coupler and directional filters are proposed 

and demonstrated in multilayer liquid crystal polymer substrates at 95 GHz. 

The proposed filters comprise the invented dual-slot directional couplers and 
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two-wavelength loop resonators. This is the first time that directional filter was 

demonstrated at W-band; 

� A high-gain low-noise figure front-end receiving module for passive 

millimeter wave imaging was proposed and demonstrated at 96 GHz. The 

receiving module achieves a net gain of 62 dB, a 3dB bandwidth of 4 GHz 

centered at 96 GHz, and a low noise figure of less than 6 dB; 

� A 4×4 phased patch array antenna integrated with a Piezoelectric transducer-

controlled phase shifter was proposed and demonstrated at Ka-band. The 

antenna achieves a bandwidth of 23% centered at 35 GHz, and a continuous 

true-time delay beam steering in a large angle of 33º. This work is not 

presented in this dissertation. 

Most of the contributions were published in peer-reviewed journals and/or presented at 

conferences. The directional filter has been submitted as a provisional patent 

disclosure. The following is a list of my publications. 
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HIGH-GAIN LINEARLY TAPERED ANTIPODAL SLOT ANTENNA AT E- 
AND W-BANDS 

An antenna is a transitional structure between free space and a feed device, e.g., 

transmission lines and waveguides, converting electric power to propagating 

electromagnetic waves in the transmitter, and vice-versa in the receiver. The origin of 

the word ‘antenna’ relative to wireless apparatus is an Italian word for ‘pole’ first used 

by radio pioneer Guglielmo Marconi [22]. Since Marconi demonstrated the first 

antenna in 1895, thousands of antennas have been designed and utilized for the 

wireless applications at radio frequencies.  

2.1  System Aspects of Receiving Antennas 

In wireless systems, i.e., wireless communication, radar, and radiometry, the 

antenna is a necessary component. A properly designed antenna can relax system 

requirements and improve overall system performance. Antennas are inherently 

bidirectional, in that they can be utilized for both transmitting and receiving functions. 

In the remainder of this section I describe some of the basic characteristics of antennas 

that will be needed for the study of receivers in wireless systems.  

In a general sense, the receiver is one of the most critical parts in a wireless 

system. On the system level, the performance of a receiver can be described using 

some common factors: 

� Dynamic range: the amplitude ratio of the strongest and weakest signals that the 

receiver can decode. 

Chapter 2
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� Bandwidth: the spectral region where the receiver can operate. 

� Sensitivity: the minimum amplitude of the incoming RF signal that the receiver 

can decode, under the conditions of the required SNR. 

� Selectivity: the minimum separation between the desired carrier frequency and its 

first neighboring frequency, under the condition that the receiver can safely 

receive the intended signal. 

The first three factors are closely related to the receiving antennas’ characteristics, i.e., 

gain, bandwidth, and radiation efficiency as well as feed loss, while selectivity is a 

factor determined by filters, whose design and measurement will be discussed in 

Chapter 5. 

The gain of an antenna is traditionally defined as “the ratio of the intensity, in a 

given direction, to the radiation intensity that would be obtained if the power accepted 

by the antenna was radiated isotropically. The radiation intensity corresponding to the 

isotropically radiated power is equal to the power accepted by the antenna divided by 

4� [22].” According to Equations (1.1), (1.2), and (1.5), the gain of a receiving 

antenna directly determines the received power and operating range of a wireless 

system. Typically, to capture more power, high gain antennas, such as travelling wave 

antennas and array antennas, are preferable in some receive modules for wireless 

systems.  

The bandwidth of an antenna is the spectral range where the performance of 

the antenna, with respect to some characteristics, conforms to a specified standard. 

Typically, it is referred to as impedance bandwidth, which is related to the input 

impedance of an antenna and the corresponding reflection. Wide bandwidth can 

provide many advantages for wireless applications. For instance, in wireless 
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communication systems broader bandwidth means more data capability and, 

consequently, higher data transmission rates. Also, large bandwidth can provide high 

range resolution for radar systems. In this regard, receive antennas with wide 

bandwidth are of great interest in many wireless systems. 

Typically, the system sensitivity is described using SNR, and the noise is 

quantified using noise figure (NF). To minimize the NF of a receiver, a LNA should 

be integrated after the receiving antenna as a pre-amplifier. In a practical module, the 

dissipative loss of the receiving antenna and the insertion loss from the LNA to the 

antenna feed are added to the receiver’s NF. In this case, the receiving antenna should 

be designed with a high radiation efficiency and a low feed loss. 

2.2 Challenges for W-band Antennas 

In Section 1.2, the challenges in material, fabrication, electromagnetic 

interference, and measurement for W-band applications have been discussed from a 

more general perspectives. In this section, I describe the challenges for W-band 

antenna design and measurement in detail.  

2.2.1 Design Aspect 

As presented in Section 1.4, LCP is chosen as the substrate for the proposed 

receiver module. The loss tangent of LCP is approximately 0.0045 at W-band, which 

is two times larger than that at low frequencies, i.e., 35 GHz. However, the dielectric 

loss of LCP is still much smaller than most other materials at W-band. Another benefit 

of LCP is commercially available thicknesses down to 25 μm, 50 μm, and 100 μm 

[23], which are preferable for high-frequency applications. However, thin substrates 

significantly increase the propagation loss of many transmission lines, such as 
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microstrip lines and CBCPWs. Also, it may introduce challenges for the design of 

some antennas. For instance, patch antennas and SIW-based slot antennas prefer thick 

substrates to achieve large bandwidth and high radiation efficiency. To mitigate these 

issues, a 100μm thick LCP is selected as the substrate for the module components. 

Using this substrate, the signal line width of the 50� microstrip lines and CBCPWs is 

a few hundred micrometers, which is electrically ‘small’ at microwave frequencies. 

However, at W-band, the thickness of the selected LCP substrate and signal line width 

of the corresponding transmission lines becomes electrically ‘large’ in terms of 

wavelength, which may introduce parasitic modes and asymmetry to some antennas 

and arrays, i.e., patch antenna and tapered slot antenna.  

In addition, the W-band antennas with small features are sensitive to 

fabrication and manufacturing tolerance. Thus, tolerance analysis and fabrication 

compensation have to be considered in the design of these antnenas.  

2.2.2 Measurement Aspect 

In the antenna measurement, the impedance bandwidth can be characterized 

using a network analyzer and the far field properties can be validated using antenna 

far-field or near-field measurements. As the name implies, the far-field measurement 

means characterizing the antenna under test (AUT) in its far-field region, and the near-

field measurement is to characterize the AUT in its near field region and compute its 

corresponding far-field radiation using a Fourier Transform, namely stationary phase 

to the Laplace transform [22]. Typically, the latter is suggested for the antennas’ 

measurement at high frequencies, but comes at an increased cost.  

Generally, at W-band, WR-10 rectangular waveguides are employed for 

connection, and G-S-G probes are utilized to feed the DUTs. However, these 
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waveguides and probes may not be suitable for the measurement of an antenna’s far-

field properties. In antenna far-field measurement, either the transmitting antenna or 

receiving antenna has to be rotated in a large angular range to obtain comprehensive 

field data. However, W-band probes are easily broken during the rotation, and the 

waveguides are rigid and cannot be bent. In this case, a specially-designed transition 

may be desired to connect the AUT to waveguide and flexible, yet lossy, coaxial lines 

and additional coaxial line-to-waveguide transitions have to be utilized to make the 

antenna rotation easier. As a result, amplifiers may be used to pre-compensate for the 

loss of coaxial lines and transitions and make the received power measurable, 

consequently increasing both the cost and complexity of the measurement system. 

Also, the measurement of W-band antennas is sensitive to the metallic rotation stage, 

waveguide, and holding structures as well as rotation tolerance. To this end, low-

profile accurate rotation stages and RF absorbers are required, further increasing the 

cost of the measurement system.  

2.3 Linearly Tapered Antipodal Slot Antenna 

In W-band wireless systems, i.e., local area networks, metropolitan links, 

satellite communication, vehicle collision avoidance radar, and high-definition 

imaging [24]-[25], one of the most critical components is UWB, high gain, light 

weight, and low cost antennas. Unfortunately, not many antennas can provide both 

high gain and an ultra-wide band spanning for both the E- and W-bands. Among these 

antennas, tapered slot antenna (TSA) is a promising candidate due to its tunable gain, 

planar profile, light weight, low cost, and versatile feeds [26]. Typically, the 

bandwidth of a TSA is limited by the bandwidth of the transition from the antenna 

feed to the flared slot-line. In practical systems, the TSA may require MS line or co-
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planar waveguide (CPW) as a feed, to integrate with power amplifiers (PAs) or LNAs. 

However, conventional MS-to-slot-line [27] and CPW-to-slot-line [19] baluns have a 

limited bandwidth of less than 1.3:1. A SIW, as a balanced structure, can be utilized to 

feed the TSA directly. However, the maximum bandwidth of a SIW-fed TSA is less 

than 2:1 due to the second-order guided mode of the waveguide [28]-[29].  

 It is noted that most of the TSAs reported so far operate below Ka-band [26]-

[30], which is mainly limited by the availability of the substrate and antenna far-field 

measurement system. On one hand, due to the TSAs’ asymmetry, a thin substrate is 

desired to minimize cross-polarization and maintain symmetric radiation patterns. 

However, most available substrates become electrically ‘thick’ in terms of wavelength 

at E- and W-bands. Typically, the transmission lines and waveguides on a thinner 

substrate address higher propagation loss [8]. Thus, the utilized thin substrate should 

have low loss tangent at high frequencies, e.g., W-band. Also, to reduce the 

discontinuity between the substrate and air, low dielectric constant substrates are 

preferable for TSAs. On the other hand, it is challenging to characterize the far-field of 

the antennas at high frequencies, i.e., E- and W-bands. The traditional high-frequency, 

far-field or near-field measurement system utilizes a frequency multiplier (mmW 

head) for the RF source, rigid waveguides for connection, and flexible coaxial lines for 

the rotated antennas. However, the multiplier is heavy and bulky, the waveguides are 

cumbersome and unbendable, and the coaxial lines are lossy at W-band [31], thereby 

introducing significant difficulties for the measurement system set-up. 

In this section, I present a linearly tapered antipodal slot antenna (LTASA) on 

a thin film LCP substrate at E- and W-bands that was fabricated on a 12×18 inch LCP 

panel using state-of-the-art commercial large-panel PCB technologies. The proposed 
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LTASA achieves an ultra-wide bandwidth and impressive far-field properties, i.e., 

high gain, nearly symmetric narrow beamwidth, high radiation efficiency, low side 

lobes, and low cross-polarization.  

2.3.1 LTASA Design 

A tapered slot antenna is a class of end-fire radiating directional travelling-

wave antennas, whose design principles have already been thoroughly investigated. 

According to Ref. [26], when the aperture size of any TSA becomes on the order of a 

half-wavelength in free space, it no longer acts as a broad-band travelling-wave 

antenna. Thus, the opening width of the flared antipodal slot-line (ASL) should be  

�� � �� �� � ���	
 

To minimize the TSA’s asymmetry, the effective thickness of the antenna substrate is 

suggested to be:  

�����  ���� � ���� � 	
�
���  ����� ����
 

where ��  is the wavelength in free space, �  and ��  are the thickness and dielectric 

constant of the antenna substrate, respectively.  

The dielectric constant of LCP is approximately 3 and 3.2 at 60 GHz and 110 

GHz, respectively. According to Equation (2.2), to design a TSA with its band 

covering E- and W-bands, the ideal LCP thickness is �� ��  �  	�� �� . To 

minimize the loss of the feed transmission line, Rogers LCP, Ultralam3850, with a 

thickness of 100 μm is chosen as the antenna substrate. With such a thin substrate, the 

cross-polarization can be efficiently suppressed.  
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Ansys High Frequency Structural Simulator (HFSS) was utilized to design and 

optimize the proposed LTASA, whose configuration is illustrated in Figure 2.1. The 

antenna comprises a MS line feed, a MS-to-antipodal parallel stripline (APSL) balun, 

a linearly flared ASL, and periodic corrugations at the outer edges of the ASL. To 

achieve 50� impedance, the width of the MS line and APSL is 240 and 320 μm, 

respectively. The MS-to-APSL balun reported in Ref. [30] was utilized on LCP 

Figure 2.1. Configuration of the proposed linearly tapered antipodal slot antenna. 
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substrate, and scaled up to E-band to provide an ultra-wide band. The corrugations are 

designed to further suppress the cross-polarization as well as the backward and side 

lobes [28] [30]. Table 2.1 lists the optimized dimensions of the proposed LTASA.  

The simulated S11 of the LTASA is shown in Figure 2.2, and it can be found 

that the 10dB impedance bandwidth is from 48 to 110 GHz. Figure 2.3 illustrates the 

simulated radiation patterns of the proposed antenna. Within the operational band, the 

side lobes are less than -20 and -9 dB in the E- and H-planes, respectively, the 

backward radiation is lower than -18 dB, and the cross-polarization is less than -15 

dB. The simulated gain, 3dB beamwidths in the E- and H-planes, sidelobe, and cross-

polarization are listed in Table 2.2. It can be seen that the simulated gain is better than 

17 dBi from 75 to 95 GHz, and the beamwidths are approximately symmetric in the E- 

and H-planes at most of the frequencies. The radiation efficiency of the proposed 

LTASA is higher than 95% from 70 to 110 GHz.  

Table 2.1. Optimized dimensions of the proposed LTASA. 

Parameters Dimensions (mm) 
La 23.5 
Wa 5 
Wb 7 
R1 3 
R2 1 
Lc 0.38 
Wc 0.24 
Pc 0.42 
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Figure  2.2. Simulated S11 of the LTASA and measured S11 of the LTASAs 
integrated with a via-less CBCPW probe pad and a MS-to-SIW-to-waveguide 
transition. 

Table 2.2. Simulated gain, beamwidth, first sidelobe, and cross-polarization of the 
proposed LTASA. 

Freq. Gain Beamwidth 1st Sidelobe(H) Cross-Pol. 
75 GHz 17.7 dB ±8.8º(E)/ ±13.5º(H) -11.5 dB -21.7 dB 
80 GHz 17.5 dB ±9.1º(E)/ ±13º(H) -10.5 dB -18.3 dB 
85 GHz 17 dB ±9.4º(E)/ ±12º(H) -9.7 dB -16.7 dB 
90 GHz 17.1 dB ±8.8º(E)/ ±11.6º(H) -9.2 dB -16 dB 
95 GHz 17 dB ±8.7º(E)/ ±11.2º(H) -8.9 dB -15.5 dB 

Freq. and Pol. denote the frequency and polarization, respectively. 
E and H denote in the E-plane and H-plane, respectively. 
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(a) (b) 

(c) (d) 

(e) 

Figure 2.3. Simulated and measured radiation patterns of the LTASA at (a) 75 
GHz, (b) 80 GHz, (c) 85 GHz, (d) 90 GHz, and (e) 95 GHz. 
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2.3.2 Bandwidth Measurement 

A G-S-G probe with an impedance of 50 � was utilized to characterize the 

LTASA from DC to 110 GHz. To match the G-S-G mode of the probe, the MS feed is 

terminated with a CBCPW probe pad [32], as shown in Figure 2.4. The termination 

achieves low loss and low reflection at E- and W-bands, and its design will be 

discussed in Section 3.2.2. In our measurement, the probe was calibrated with the 

short-open-load-through (SOLT) method by using the on-wafer calibration substrate 

 

Figure 2.4. Fabricated LTASAs with a via-less CBCPW probe pad and a MS-to-
SIW-to-waveguide transition. 
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from GGB Industries Inc. The measured S11 is illustrated in Figure 2.2. An ultra-wide 

band was demonstrated from 47 to 110 GHz, showing good agreement with simulated 

data.  

2.3.3 Far-field Measurement 

At W-band, WR-10 waveguides are typically utilized to connect RF sources to 

antennas due to their low attenuation. In order to integrate the LTASA with a 

waveguide, a MS-to-SIW transition and a SIW-to-waveguide transition were designed. 

The MS-to-SIW transition will be discussed in Section 3.3 of the next chapter. Here, I 

present the SIW-to-waveguide transition, whose configuration is shown in Figure 2.5 

(a). The transition linearly flares a 2.2mm wide SIW to a WR-10 waveguide with a 

length of 25 mm. The insertion loss of its back-to-back transition is less than 1.6 dB 

from 70 to 110 GHz, as illustrated in Figure 2.5 (b). 

To characterize the antenna far fields, the proposed LTASA is terminated with 

the aforementioned two transitions, as shown in Figure 2.4. The measured S11 of the 

WR-10 fed LTASA is less than -12 dB at W-band, with the exception of the 

frequencies near the waveguide’s cut-off, as illustrated in Figure 2.2. 

2.3.3.1 Optically addressed far-field measurement system 

Based on an optical upconversion approach [33], an optically addressed 

antenna far-field measurement system is developed, whose configuration and 

mechanism schematic are illustrated in Figure 2.6. Agilent programmable network 

analyzer (PNA) E8361C integrated with millimeter wave head controller N5260A is 

utilized as a W-band source, providing RF signals to a standard transmitting horn 

antenna. The AUT is mounted on a rotation stage, and serves as a receiver. The 
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received RF signal is amplified, and then upconverted onto an optical carrier by using 

a high-speed Lithium Niobate (LiNbO3) electro-optical (EO) phase modulator [34], 

resulting in an upper and a lower optical sideband around the carrier frequency. The 

amount of the energy of the sidebands, ���, can be quantified as [35]: 

��� � ����	
��������� ����� 

(a) 

 
(b) 

Figure 2.5. (a) Configuration of the SIW-to-waveguide transition, and (b) measured 
and simulated S-parameters of its back-to-back transition. 
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where ���� is the optical power into the modulator, ��� is the RF power received at the 

antenna, �	
� is the gain of the LNA, ��� is the modulation efficiency of the phase 

modulator.   

The modulated signals are routed through optical fibers, which are preferable 

for the measurement system setup due to their flexibility, low loss, small profile, and 

light weight. These signals are then fed into a dense wavelength division multiplexing 

(DWDM) optical filter to pass one of the sidebands while suppressing the carrier 

Figure 2.6. Optically addressed far-field measurement system. 
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frequency and the other sideband. Next, a square-law detector (photodetector) is used 

to convert this sideband to a photo-current. The weak current will be amplified using a 

transimpedance amplifier (TIA). As a result, the voltage generated by the TIA can be 

derived as [35]: 

���� � ������	
�������������� ����� 

where ���� is the gain of the TIA, and ��	 is the responsivity of the photodetector.  

Then, the produced voltage is measured using National Instrument data acquisition 

(NI DAQ) system.  

2.3.3.2 Characterized radiation patterns and gain 

Due to the limited bandwidth of the packaged LNA, the far fields of the 

proposed LTASA were characterized from 75 to 95 GHz. The measured co- and cross-

polarized radiation patterns in the E- and H- planes are illustrated in Figure 2.3, which 

are in good agreement with the simulated results. As the frequency increases from 75 

to 95 GHz, the 3dB beamwidth in the E-plane remains approximately ±9º, and that in 

the H-plane is reduced from ±13.5º to ±11º. The measured sidelobes are less than -20 

and -9 dB in the E- and H-planes, respectively. As the frequency increases from 75 to 

95 GHz, the cross-polarization increases from -20 dB to -15 dB, which is due to the 

increasing substrate thickness in terms of wavelength.  

To characterize the AUT’s gain, a standard pyramid horn with a gain of 15 dBi 

was utilized as a reference to replace the LTASA and capture RF power. The insertion 

losses of the MS-to-SIW and SIW-to-waveguide transitions were calibrated out so that 

the actual gain of the LTASA could be acquired. The measured gain is higher than 
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16.5 dBi from 73 to 97 GHz, as illustrated in Figure 2.7. The discrepancy between the 

measured and simulated results may be attributed to the integration tolerance. 

2.4 Summary 

In this chapter, I first discussed the system requirements for receiving antennas 

in wireless systems, i.e., wireless communication, radar, and radiometry, and the 

challenges for antenna design and measurement at W-band. Then, an UWB high-gain 

LTASA on a 100μm thick LCP substrate for the E- and W-bands applications was 

presented. The 10dB impedance bandwidth of the LTASA was demonstrated from 47 

to 110 GHz. A sophisticated optical antenna far-field measurement system, based on 

an optical upconversion, was developed to characterize the far-field properties of the 

proposed LTASA. A high gain of 16.5-17.5 dBi, a narrow beamwidth of ±9º in the E-

 

Figure 2.7. Simulated and measured gain spectrum of the proposed LTASA. 
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plane, and a narrow beamwidth of around ±12º in the H-plane were demonstrated from 

75 to 95 GHz. The proposed LTASA also achieves low side lobes and low cross-

polarization at E- and W-bands, and may have many applications in various wireless 

systems. 
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TRANSITIONS IN MULTILAYER LCP SUBSTRATES 

A transition is a passive transforming structure that connects circuit 

components with different topologies. Its bandwidth determines the system bandwidth, 

and its insertion loss may impact the system’s net gain and noise figure, which are 

closely related to the dynamic range and sensitivity of a receiver.  

3.1 Transmission Lines and Waveguides  

Prior to the design of the transitions, the corresponding circuit components and 

their topologies in the front-end receiving module should be determined. Typically, in 

multilayer circuits, MS lines and CBCPWs are preferable in the surface layers due to 

their low propagation loss and shielding ground, while striplines (SLs) and SIWs are 

more appropriate in the inner layers due to their perfect layer-to-layer electrical 

shielding. At the input and output interfaces, WR-10 air-filled rectangular waveguides 

may be utilized for practical applications and measurement, and coplanar waveguides 

(CPWs) may be desired for probing and integration with CPW-based EO modulators 

[34]. In the traditional sense, MS lines, CPWs, CBCPWs, SLs, and rectangular 

waveguides are the classic transmission components, and have been well investigated 

[10]-[11] [14].  

� MS line: a conducting strip separated from a ground plane by a dielectric substrate. 

� CPW: a single conducting track printed onto a dielectric substrate, together with a 

pair of return conductors distributed on both sides of the track.  

Chapter 3
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� CBCPW: a CPW with a ground plane underneath.  

� SL: a thin conducting strip sandwiched between two parallel ground planes with 

dielectric substrates as insulating materials. 

� Rectangular waveguide: a metal pipe with a rectangular cross-section. 

Recently, SIWs have been developed for printed circuits, which are waveguide-like 

structures in a dielectric substrate by using two rows of metal vias to connect the top 

and bottom parallel conductor layers. The cross-section and mode profile of these six 

transmission components are illustrated in Figure 3.1. It can be seen that MS lines, 

CPWs, and CBCPWs support quasi-TEM mode, SLs support TEM mode, and SIWs 

and RWGs support TE10 mode.  

Figure 3.1. Cross-section structure and fundamental mode profile of MS line, 
CPW, CBCPW, stripline, SIW, and rectangular waveguide. 
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As discussed in Section 1.4, LCP substrates with a multilayer topology are 

proposed for the front-end receiving module, which is fabricated using commercial 

state-of-the-art large-panel circuit print technologies [9]. At W-band, the dielectric 

constant and loss tangent of LCP substrates are approximately 3.2 and 0.0045, 

respectively. Thereby, using LCP substrates can minimize the dielectric loss of the 

transmission lines. In addition, multilayer circuits can provide high desity, small size, 

light weight, and low power consumption for the module as well as symmetric 

substrates for the SLs and directional filters discussed in Chapter 5. Under the large-

panel fabrication standards [9], the minimum resolution of the circuit patterns is 50 

μm, and the aspect ratio of the laser-drilled vias is 1.25:1. Table 3.1 lists the 

fundamental mode, dimensions, and the corresponding propagation loss and 

impedance at W-band of the five planar transmission components fabricated on a 

100μm thick LCP substrate using the state-of-the-art large-panel circuit print 

technologies. The MS line and SL have an impedance of 50 �, while the CPW and 

CBCPW have higher impedances close to 70 �, which is limited by the fabrication 

Table 3.1. Fundamental mode, dimensions, and simulated propagation loss and 
impedance at W-band of the five planar transmission components on a 100μm thick 
LCP substrate and WR-10 rectangular waveguide. 

TL Mode Dimensions Loss (dB/cm) Impedance (�) 
MS line Quasi-TEM 246 μm 1-1.5 50 

CPW Quasi-TEM 50 (gap)×100(signal) μm 0.9-1.3 66 
CBCPW Quasi-TEM 50 (gap)×100(signal) μm 1-1.7 68 
Stripline  TEM 60 μm 1.6-2.4 50 

SIW TE10 1.7 mm (width) 2 23 
RWG TE10 2.54×1.27 mm 0.05  

TL denotes transmission line. 
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resolution. The CPW has the minimum propagation loss, while the SIW has the 

maximum propagation loss. To concurrently compensate for the propagation loss and 

EMI between circuit components as well as mode and impedance mismatch, MS lines 

are chosen for interconnection, SIWs and SLs are utilized to purify the guided modes 

in the substrate, and CBCPWs and CPWs are used for integration and measurement. In 

the following sections, I will present four ultra-wideband low-loss transitions between 

these six transmission components for W-band applications. 

3.2 CBCPW-to-Stripline Vertical Transition 

As electronic devices become smaller and lighter, traditional single-sided and 

double-sided printed circuits cannot satisfy increasing assembly densities due to their 

limited space. As an alternative, multilayer circuits have received significant attention, 

which can provide many advantages to RF/microwave circuit designers, i.e., high 

density, small profile, hybrid integration, multi-function, low interconnection loss, and 

good electrical shielding [36]. 

One of the most critical components in a multilayer circuit is the vertical 

interconnection between different circuit layers. Conventional vertical transitions can 

be classified in two categories: aperture-coupled transitions [37]-[40] and transitions 

with vertical micro vias [40]-[42]. The former exhibit a bandpass behavior with a 

bandwidth of 100% with respect to its center frequency, and the latter can offer a 

wider bandwidth, but require more sophisticated manufacturing. Most of the vertical 

transitions reported so far are designed for surface-to-surface connection [37]-[41], 

which cannot be used for inner-layer applications. Additionally, these reported 

transitions are designed at low frequencies, i.e., X-and K-band, and may not be 
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suitable at W-band. Reference [42] reported a transition that is able to operate up to 50 

GHz. However, its insertion loss is higher than 3 dB at higher frequencies.  

In this section, I present a CBCPW-to-stripline vertical transition in multilayer 

LCP substrates, which can provide an insertion loss less than 2.5 dB over an ultra-

wide band from DC up to 78 GHz. 

3.2.1 Transition Design 

CBCPWs and SLs are commonly used transmission lines in multilayer RF 

circuits, due to their superior advantages of good electrical shielding and low loss at 

high frequencies. The former can be used for probing and external integration, and the 

latter allows for the design of efficient and compact circuit topologies. As can be seen 

in Figure 3.1, the CBCPW mode is the combination of a MS line mode and a CPW 

mode, and the SL mode is a TEM mode. The proposed CBCPW-to-SL transition is 

designed on two Rogers Ultralam3850 LCP substrates that consist of three metal 

cladding layers. The thickness of each LCP layer and copper cladding is 50 and 9 μm, 

respectively. The cross-section and layer-by-layer configuration of the transition are 

illustrated in Figure 3.2 (a) and (b), respectively. The CBCPW is designed on the top 

electrode layer, and the SL is sandwiched between the top and bottom LCP layers. To 

achieve the transition, one blind-via and two through-vias are used to perpendicularly 

connect the signal lines and grounds of the CBCPW and SL, respectively. 

A 3-D finite element method (FEM) based electromagnetic solver, Ansys 

HFSS, was used to design and optimize the CBCPW-to-SL transition and the 

following transitions in this chapter. To attain an impedance of 50 �, the width of the 

CBCPW’s signal line and gap is designed to be 110 and 70 μm, respectively, and the 

width of the SL, Ls, is 60 μm. According to the circuit model of a vertical via [43],  the 
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(a) 

 
(b) 

Figure 3.2. (a) Cross section and (b) layer-by-layer configuration and dimensions 
of the CBCPW-to-SL transition. 
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parasitic capacitance between the vias barrel and parallel grounds may contribute to 

parallel-plane evanescent wave. To investigate the impact of the blind via to the 

performance of the transition, the diameter, Dv, was varied from 80 to 120 μm, and the 

pitch between the signal and ground vias, Pv, was swept from 0.4 to 0.5 mm. The 

simulated S-parameters for the tolerance analysis are illustrated in Figure 3.3 (a) and 

(b). It can be seen that slightly sweeping the diameter and pitch of the vias does not 

change the transition performance significantly. The insertion loss and reflection 

become enhanced as the frequency increases, which is due to the fact that the 

evanescent wave is easier to be excited at high frequencies. A larger blind via could 

smooth the reflection response, but can also provide higher capacitance at the 

frequencies over 80 GHz. Also, a larger blind via represents larger ring [9], which 

could lead to additional impedance mismatch between the vias and transmission lines. 

As illustrated in Figure 3.3 (b), increasing the pitch between the signal and ground 

vias can suppress the mutual coupling between the vias, but also increases the 

insertion loss at high frequencies due to the inductance mismatch. To concurrently 

optimize the performance of the transition and avoid touching the fabrication limit, the 

diameter of the signal via is chosen as 100 μm, and the pitch between the signal and 

ground vias is chosen as 0.5 mm. The diameter of the ground vias is chosen as 240 μm, 

since they are not dimension-sensitive. 

3.2.2 Measurement 

3.2.2.1 System set-up 

As discussed in Section 1.2, the traditional SMCs for device integration are 

lossy and expensive at W-band. As an alternative, G-S-G probes are typically utilized 
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to couple signals into and out of the DUTs at high frequencies, which have a 

characteristic impedance of 50 � and provide a CPW mode. In the measurement set-

up, the probes on probe stations were integrated with Agilent PNA E8361C and mmW 

 
(a) 

 
(b) 

Figure 3.3. Simulated S-parameters of a CBCPW-to-SL transition: (a) tolerance 
analysis of the diameter of the blind via, and (b) tolerance analysis of the pitch 
between the blind and through vias. 
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head controller N5260A. Then, the two probes were calibrated with CS-5 calibration 

substrate from GGB Industries Inc. using SOLT method. The same system set-up and 

calibration method will be utilized in the following sections and chapters without 

special clarification.  

3.2.2.2 Back-to-back transition 

To demonstrate the proposed CBCPW-to-SL transition, its back-to-back 

transition was designed and fabricated, which consists of one SL and two CBCPWs, as 

 
(a) 

 
(b) 

Figure 3.4. (a) Fabricated CBCPW-to-SL-to-CBCPW transition, and (b) cross-
section cut of the fabricated back-to-back transition. 
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shown in Figure 3.4 (a). Choosing two CBCPWs is for the consideration of probing. 

The fabricated CBCPW’s signal line width is reduced to 105 μm, while its gap width 

is increased to 80 μm due to the fabrication tolerance. The length and width of the SL 

are 3 mm and 58 μm, respectively. The cross-section cut of the transition is shown in 

Figure 3.4 (b). It can be seen that the laser-drilled vias are slightly tapered cylinders. 

The diameter of the blind via varies from 93 μm to 100 μm, and that of the through 

vias varies from 220 μm to 240 μm. 

The measured S-parameters of the back-to-back transition are illustrated in 

Figure 3.5, showing good agreement with the simulated results. The insertion loss is 

1.8 dB at 60 GHz and less than 2.5 dB up until 78 GHz, and the reflection remains less 

than -10 dB from DC up to 78 GHz. The slight discrepancy between the simulated and 

 

Figure 3.5. Simulated and measured S-parameters of the back-to-back transition 
with a 3 mm long SL. 
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measured data may be attributed to fabrication tolerances and probe positioning 

uncertainty.  

3.3 MS-to-SIW Transition 

Recently, substrate integrated waveguides have been developed to adapt 

traditional rectangular waveguides into planar substrates with existing PCB 

technologies. SIWs are typically fabricated by using two rows of conducting vias 

connecting two parallel grounds [44], which preserve most of the rectangular 

waveguides’ advantages, i.e., high-power handling capability and perfect electrical 

shielding, and can further provide low profile, light weight, and simple integration. 

Typically, the loss of a SIW is higher than that of a hollow rectangular waveguide due 

to the dielectric loss of the substrate material. A carefully designed SIW can only 

support TE10 mode within a wide spectrum and, therefore, can be utilized to purify the 

guided mode and improve the module’s EMC. Generally, SIWs can be fed by using 

MS lines, CPWs, and CBCPWs [44]. As discussed in Section 3.1, MS lines are 

utilized to interconnect different circuit components in the receiving module due to 

their relatively low propagation loss and shielding ground. Thereby, an efficient 

transition from MS line to SIW is desired in the proposed module.  

As can be seen in Figure 3.1, the MS line mode is a quasi-TEM mode, and the 

SIW mode is a TE10 mode. These two modes have similar mode profiles in their 

substrates. Herein, a transition between a MS line and a SIW can be achieved directly 

by connecting the MS line’s signal line to the SIW’s top ground and the MS line’s 

ground to the SIW’s bottom ground. To date, several broadband MS-to-SIW 

transitions have been reported in planar or multilayer substrates [44]-[46] at 

microwave frequencies, which, however, may not be migrated to high frequencies, e.g., 
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95 GHz. As the frequency increases to W-band, due to the limited commercial 

fabrication resolution of the micro vias discussed in Section 1.2, the pitch between 

vias becomes electrically ‘large’ in terms of wavelength, which may introduce 

additional leakage loss at such high frequencies. Thus, the MS-to-SIW transitions 

reported at microwave frequencies have to be validated at W-band. 

In this section, I present a planar MS-to-SIW transition on a thin film LCP 

substrate and demonstrate its application in commercial printed circuits. The proposed 

transition achieves a low loss of less than 1.6 dB and an ultra-wide bandwidth from 60 

to 110 GHz. 

3.3.1 Transition Design 

To minimize the impact of multilayer lamination tolerance, the MS line and 

SIW are designed in a core LCP layer. The thickness of this core layer is chosen as 

100 μm to minimize the propagation loss of the MS line and SIW. The proposed MS-

to-SIW transition is a linear taper between a MS line and a SIW, whose configuration 

is illustrated in Figure 3.6. The width of the SIW is denoted as � , and the 

corresponding effective width is: 

���� � � �
��

�	
��
 ��	�� 

where � and � are the diameter and pitch of the vias, respectively. The corresponding 

cut-off frequency of the SIW can be calculated using the following formula [44]: 

� �
�

��������
 ��	�� 

where �  is the speed of light in free space, and ��  is the dielectric constant of the 

substrate. Limited by the fabrication aspect ratio (1.25:1) and thickness of the 
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multilayer substrates [9], the diameter and pitch of the vias are designed as 250 and 

300 μm, respectively. The dimensions of the transitions with SIWs of different width 

and cut-off frequencies are listed in Table 3.1. To match the cut-off frequency of a 

WR-10 waveguide, the SIW’s width is chosen as 1.7 mm. The width of MS lines is 

240 μm, providing an impedance of 50 �. 

Ansys HFSS was utilized to design and optimize the proposed transition. The 

simulated S-parameters of a MS-to-SIW transition with a 1.7mm wide SIW are 

illustrated in Figure 3.7. It can be seen that the simulated insertion loss is less than 0.7 

 

Figure 3.6. Configuration of the MS-to-SIW transition. 

Table 3.2. Cut-off frequency of the SIWs and dimensions of the corresponding MS-
to-SIW transitions. 

w (mm) weff (mm) fc (GHz) lt (mm) wt (mm) 
1.5 1.35 64 1.35 0.6 
1.7 1.55 56 1.5 0.7 
2.2 2.05 43 1.6 1.3 
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dB, and the reflection is less than -15 dB at W-band. The simulated cut-off frequency 

of the SIW is 57.6 GHz, which is slightly higher than the calculated one in Table 3.1.  

3.3.2 Measurement 

3.3.2.1 CBCPW probe pad 

At high frequencies, i.e., W-band, G-S-G probes are typically utilized to 

measure the RF components. To match the modes between the MS line and G-S-G 

probe, a CBCPW probe pad was designed to terminate the MS lines, as illustrated in 

Figure 3.8 (a). In the HFSS model, the designed width of the CBCPW’s signal line 

and gap is 80 and 50 μm, respectively, and the taper length is 0.2 mm. For the 

fabricated device, the width of the signal electrode reduces to 70 μm, while the gap 

between the signal line and ground increases to 60 μm due to the fabrication tolerance. 

 

Figure 3.7. Simulated S-parameters of a MS-to-SIW transition (� = 1.7 mm). 
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This overetching enlarges the corresponding impedance of the CBCPW up to around 

80 �. The probing position is chosen right at the end of CBCPW to minimize the 

mismatch.   

(a) (b) 

(c) 

Figure 3.8. (a) Configuration of a CBCPW probe pad and its back-to-back 
transition,(b) simulated and measured S-parameters of a 5mm long MS line 
terminated with a pair of probe pads, and (c) calculated propagation loss of a MS 
line and insertion loss of a pair of probe pads. 
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To characterize the insertion loss of the proposed probe pads, back-to-back 

structures including two CBCPW probe pads and MS lines with different length, are 

fabricated and measured. The simulated and measured S-parameters of a 5mm long 

MS line with a pair of probe pads are illustrated in Figure 3.8 (b). The loss of the MS 

line can be calculated by dividing the S21 discrepancy of the back-to-back structures 

by their length difference. Then, the insertion loss of a pair of CBCPW probe pads can 

be derived by subtracting the loss of the MS line from the total loss of a back-to-back 

transition. More than twenty devices were measured to obtain robust loss curves, 

which are illustrated in Figure 3.8 (c). The propagation loss of the MS line is less than 

0.14 dB/mm from 50 GHz to 110 GHz, showing good agreement with the simulated 

data in Table 3.1, and the loss of a pair of probe pads is lower than 1.4 dB at W-band. 

The relatively large ripples from 95 to 110 GHz may be attributed to the spectrum 

edge error of calibration and probing position uncertainty. The designed CBCPW 

probe pads will be utilized in the measurements of the devices with MS line feed in 

the following sections and chapters.  

3.3.2.2 Back-to-back transition 

To validate the design of the proposed transition, a MS-to-SIW-to-MS 

transition terminated with a pair of CBCPW probe pads was designed and fabricated. 

The length and width of the SIW is 5 mm and 1.7 mm, respectively, and the length of 

MS lines is 1.5 mm, as illustrated in Figure 3.9 (a). The measurement set-up and 

calibration method discussed in Section 3.2.2 were utilized for this test. Figure 3.9 (b) 

illustrates the measured and simulated S-parameters of the back-to-back structure, 

revealing reasonable agreement. The measured insertion loss is less than 1.6 dB at W-

band, and the measured reflection is less than -13 dB within the working spectrum. It 
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can be concluded that SIWs and the MS-to-SIW planar transition can be fabricated in 

multilayer LCP substrates using commercial large-panel PCB technologies while 

maintaining low propagation loss and low leakage for the SIWs.  

 
(a) 

 
(b) 

Figure 3.9. (a) Fabricated MS-to-SIW-to-MS transition, and (b) simulated and 
measured S-parameters of the back-to-back transition (� = 1.7 mm). 
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3.4 SIW-to-Waveguide Transition 

Hollow rectangular waveguides (RWGs), one of the earliest transmission 

components for microwave signal transportation, have been widely utilized in the 

microwave and mmW systems due to their low loss, high power handling capability, 

and perfect electrical shielding. However, RWGs are bulky and heavy, and, thereby, 

not suitable for high-density and weight-constrained applications [25] [44]. 

Alternatively, SIWs have gained tremendous interests in these applications [44], 

which preserve the traditional RWGs’ advantages, and can achieve low profile, light 

weight, and friendly packaging. So far, many efforts have been done to investigate 

SIW-to-rectangular waveguide transitions [46]-[54]. According to the mechanism used, 

these transitions can be classified into two categories: slot coupled transitions on the 

broadside [46]-[47] and travelling-wave transitions in the propagation direction [48]-

[54]. The former utilize one or two slots on the SIW’s broadside wall to couple signal 

into RWG. However, their bandwidth is typically several percent due to the SIWs’ 

high quality factor. The latter are typically achieved by using tapered housings [48]-

[51] or fin-lines [52]-[54] to gradually match the TE10 modes of the SIWs and RWGs 

in the wave propagation direction, and can achieve broad bandwidth at a cost of circuit 

footprint. 

Recently, SIWs have been investigated in multilayer circuitry [25] due to their 

aforementioned advantages. However, it should be noted that all the reported SIW-to-

RWG transitions [46]-[54] are designed on a single layer substrate, which may not be 

applicable in the multilayer substrate. On one hand, the broadside slot coupled 

transitions may have limited applications due to their narrow bandwidth and large 

profile in the broadside direction. On the other hand, for the travelling-wave 

transitions, the substrate thickness becomes electrically ‘thick’ in terms of wavelength 
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at W-band, easily exciting substrate mode in the multilayer substrates. To this end, a 

guided structure, e.g., fin-line, may be required to achieve an efficient transition. 

However, the reported transitions with the via-guided fin-lines [52]-[53] may not be 

suitable for the multilayer substrates at W-band. Due to the limited fabrication aspect 

ratio [9], the pitch and diameter of the vias in a thick multilayer substrate become 

electrically ‘large’ at W-band, introducing undesired leakage and radiation. Meanwhile, 

thicker substrate means larger and higher ring bump for the vias, which may further 

aggravate the leakage. 

In this section, a SIW-to-RWG transition in multilayer LCP substrates is 

presented at W-band. The SIW is designed in the top LCP layer with a thickness of 

100 μm, and laminated with another LCP layer underneath. A linearly flared slot-line 

without guided vias transitions the SIW to WR-10 rectangular waveguide efficiently. 

The proposed transition achieves low insertion loss and low reflection within the 

working spectrum. 

3.4.1 Transition Design 

Due to the antipodal asymmetry, the proposed SIW-to-RWG transition 

requires an electrically ‘thin’ substrate to minimize the polarization mismatch between 

the guided modes of the slot-line and RWG. To this end, the proposed transition is 

designed in the top LCP layer with a small thickness of 100 μm. A LCP bond-ply and 

a bottom LCP with a thickness of 50 μm are laminated with the top LCP layer to form 

a multilayer circuit. The configuration of the proposed transition is illustrated in 

Figure 3.10. Differing from the reported transitions with curved fin-lines [52]-[53], the 

proposed transition employs a linearly flared slot-line, and does not utilize vias in the 

transition region, thus minimizing the potential leakage. The top and bottom walls of 
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the SIW deviate with an odd symmetry to feed the slot-line. The diameter and pitch of 

the vias for the SIW is 250 and 300 μm, respectively. Then, the slot-line is linearly 

flared out and inserted into a WR-10 waveguide. By using this linear transition, the E-

field of the SIW will be rotated 90º to excite the TE10 mode of the RWG. 

To optimize the transition, 3-D full-wave models are designed and simulated in 

Ansys HFSS, as illustrated in Figure 3.10. The width of the SIW is chosen as 1.6 mm, 

Figure 3.10. Configuration and dimensions of the SIW-to-WG transition in 
multilayer LCP substrates. 
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providing the same cut-off frequency as the WR-10 waveguide. The length of the 

flared slot-line is 7 mm, and the distance between the edges of the slot-line and SIW is 

depicted as L. The bond-ply and bottom LCP introduce index asymmetry between the 

top and bottom electrodes of the antipodal slot-line and, thereby, may excite a parasitic 

mode at high frequencies. The fundamental and parasitic modes of the proposed 

(a) 

(b) (c) 

Figure 3.11. (a) Propagation and cross-section of the fundamental and parasitic 
modes of the proposed SIW-to-WG transition, and simulated (b) S11 and (c) S21 of 
the transition with varying L at W-band. 
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transition are illustrated in Figure 3.11 (a). It can be found that this mode is confined 

between the top and bottom electrodes of the antipodal slot-line. Therefore, increasing 

L can push the parasitic mode to high frequencies. The simulated S-parameters of the 

transition with sweeping L are illustrated in Figure 3.11 (b). At L = 0.4 mm, the 

parasitic mode occurs at 117 GHz, beyond W-band. Further increasing L may increase 

the mode mismatch between the slot-line and SIW, thus enlarging the loss of the 

proposed transition significantly.  

3.4.2 Measurement 

To characterize the proposed transition, a RWG-to-SIW-to-RWG transition 

was designed and fabricated, as illustrated in Figure 3.12 (a). The length of the SIW is 

designed as 20 mm, providing enough space for the registration posts. A metallic 

housing is carefully designed to provide WR-10 waveguide input and output with a 

standard flange. In the measurement set-up, the external WR-10 waveguides were 

integrated with Agilent N5260 mmW heads and PNA E8361C and calibrated with 

SOLT method and W11644A calibration kit. Then, they were integrated with the 

packaged back-to-back transition and characterize its S-parameters. 

 The measured and simulated S-parameters of the back-to-back transition are 

illustrated in Figure 3.12 (b). The measured reflection is less than -11 dB, and the 

insertion loss is less than 1.9 dB from 70 to 110 GHz, showing good agreement with 

the simulated data. It should be noted that to precisely reveal the insertion loss of the 

back-to-back transition, the propagation loss of the SIW is eliminated, which can be 

calculated by using the method to calculate the insertion loss of probe pads discussed 

in Section 3.3.2. Both the simulated and measured S-parameters reveal that the 

proposed SIW-to-RWG transition does not excite substrate modes at W-band. 
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(a) 

 
(b) 

Figure 3.12. (a) Fabricated waveguide-to-SIW-to-waveguide transition with metal 
housing, and (b) simulated and measured S-parameters of the back-to-back 
transition. 
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3.5 MS-to-CPW Transition 

Coplanar waveguide (CPW) is one type of transmission line whose signal and 

ground conductors are in the same plane, namely, on the top surface of the dielectric 

substrate [10]. Traditionally, CPWs are widely used in monolithic microwave/ 

millimeter integrated circuits (MMICs) due to the simple mounting of lumped 

components. In this case, CPWs are also preferable in the circuits of MMIC carriers to 

provide the same mode for the MMICs’ integration. At mmW frequencies, CPWs 

typically provide lower propagation loss than the other transmission lines due to their 

unique mode profile and relatively low dielectric loss, as depicted in Figure 3.1 and 

Table 3.1. However, they are not suitable in multilayer circuits due to their poor layer-

to-layer isolation. In the proposed front-end receiving module, CPWs can be utilized 

for the G-S-G probing in the measurement and integration with amplifiers or EO 

modulators. As mentioned in Section 3.1, MS lines are chosen as the transmission 

lines for interconnection. Therefore, an efficient transition from MS line to CPW is 

important for the proposed module. 

Recently, many MS-to-CPW transitions have been reported in single or 

multilayer substrates [55]-[63]. The transitions in a single-layer substrate are mainly 

designed for the input/output probe pads in RFICs or MMICs [55]-[57], typically 

having compact dimensions at a cost of relatively high insertion loss. The reported 

multilayer transitions are designed for surface-to-surface connection by using micro 

vias [58]-[59] or coupling slots [60]-[61]. However, these transitions are not suitable 

for the proposed module, where both the MS line and CPW are on the top circuit layer. 

To achieve an ultra-wide bandwidth, reference [63] used a CBCPW to mitigate the 

mode mismatch between the MS line and CPW [63] at Ka-band. However, it should 

be noted that most of the reported transitions [55]-[63] are designed at low frequencies, 
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such as Ku- and K-bands, and may not be applied to W-band due to the fabrication 

limits discussed in Section 1.2. 

In this section, I present a planar MS-to-CPW transition in a thin-film LCP 

substrate at W-band using a CBCPW as an intermedium between the MS line and 

CPW. The proposed transition can provide low loss, low reflection, and ultra-wide 

bandwidth. 

3.5.1 Transition Design  

As can be seen in Figure 3.1, the MS line mode and CPW mode are quasi-

TEM modes. The former is mainly confined underneath the metal strip within the 

substrate, while the latter is close to the surface of the substrate. Combining these two 

modes can form a CBCPW mode. Thereby, a broadband MS-to-CPW transition can be 

achieved naturally by cascading a MS-to-CBCPW transition and a CBCPW-to-CPW 

transition, whose configuration is illustrated in Figure 3.13. To minimize the 

propagation loss of the MS line and CBCPW, the transition is designed on a 100 μm 

thick LCP substrate. The width of MS line is chosen as 240 μm, providing an 

impedance of 50 �, and the width of the signal line and gap of the CBCPW and CPW 

are 110 μm and 60 μm, respectively, which is limited by the commercial large-panel 

PCB fabrication standards discussed in Section 3.1. The corresponding impedance of 

CBCPW and CPW is approximately 70 �, as depicted in Table 3.1. To transition a 

MS line to a CBCPW, the signal line of the MS line is gradually narrowed down, and 

two grounds connected to the bottom ground with through vias are added on the top 

circuit layer. To achieve a CPW, a linearly tapered notch is introduced in the 

CBCPW’s bottom ground to push the electrical fields lifting up towards the substrate 

surface. A 3-D full-wave model of the proposed transition was designed and simulated 
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by using Ansys HFSS. The optimized dimensions of the transition are depicted in 

Figure 3.13. The length of the CBCPW is 0.8 mm, the length of the linear taper 

between the CBCPW and MS line is 0.8 mm, and the length and width of the notch in 

the bottom ground are 1.2mm and 0.8 mm, respectively. Figure 3.14 illustrates the 

simulated S-parameters of the proposed transition. It can be seen that the insertion loss 

is less than 0.8 dB, and the reflection is less than -15 dB from 70 to 110 GHz.  

3.5.2 Measurement 

The measurement system set-up and calibration method discussed in Section 

3.2.2 are utilized to characterize the fabricated MS-to-SIW transition. The MS line is 

terminated with a low-loss CBCPW probe pad presented in Section 3.3.2. Figure 3.14 

(a) illustrates the fabricated MS-to-SIW transition. It can be seen that the overetching 

is approximately 5 μm. In the measurement, the input and output probes are launched 

Figure 3.13. Configuration of the MS-to-CPW transition. 
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on the CBCPW probe pad and CPW, respectively, to couple the RF signal into and out 

of the transition. The measured S-parameters of the MS-to-CPW transition are 

illustrated in Figure 3.14 (b). It can be seen that the insertion loss and return loss are 

 
(a) 

 
(b) 

Figure 3.14. (a) Fabricated MS-to-CPW transition with a CBCPW probe pad, and 
(b) simulated and measured S-parameters of this transition. 
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less than -1 dB and -13.5 dB at W-band, respectively. Again, the discrepancy between 

the simulated and measured S-parameters may be attributed to the probe pad and 

fabrication tolerance.  

3.6 Summary 

In this chapter, I first discussed the transmission components desired in the 

multilayer LCP based front-end receiving module, including MS lines, CBCPWs, 

CPWs, SLs, RWGs, and SIWs. MS lines are utilized for interconnection, CBCPWs 

and CPWs are designed for the integration with MMICs and EO modulators as well as 

probing, and SIWs and SLs can be used to suppress the undesired substrate modes. In 

Section 3.2, a CBCPW-to-SL vertical transition is presented, which is achieved using 

one blind via connecting the signal lines and two through vias connecting the grounds 

in multilayer substrates. Then, a planar MS-to-SIW transition using a linear taper was 

presented in Section 3.3, and a SIW-to-RWG transition in multilayer substrates was 

presented in Section 3.4. The latter transition is achieved using a linearly flared 

antipodal slot-line without guided vias in the transition region, and, thereby, can 

minimize the potential leakage. In Section 3.5, I presented a planar MS-to-SIW 

transition for probing and integration purposes, which comprises a MS-to-CBCPW 

transition and a CBCPW-to-CPW transition. These four transitions can provide low 

loss and low reflection within an ultra-wide band covering the frequencies at W-band. 
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MULTI-CHIP MODULE INTEGRATION AND PACKAGE 

W-band frequencies within the millimeter wave spectrum have gained 

tremendous interest in various applications, including vehicle collision avoidance 

radar, gigabyte data rate communication, local wireless network, and passive and 

active imaging [25] [44], etc. To cover a large dynamic range and achieve high 

detection sensitivity, high-gain and low-noise figure receiving modules are of great 

interest, which typically comprise multiple microwave/mmW monolithic integrated 

circuits, such as low noise amplifiers and power amplifiers. Also, other system 

constraints, i.e., high density, low profile, low loss, and light weight [63], also need to 

be carefully considered in these applications, which typically can be achieved by using 

multilayer circuitry. However, as the frequency and packaging density increases, loss, 

reflection, and stray radiation in the form of crosstalk and package moding become 

critical limiting factors for multi-chip modules (MCMs) [64]. Traditional packaging 

technologies for the single-chip and low gain modules may not be suitable for high 

gain MCMs at W-band. 

Recently, system-on-package (SOP) technologies have received significant 

attention in module integration and packaging at W-band [65]-[69]. However, most 

papers reported so far investigate single-chip modules (SCMs) with a fairly low gain 

of less than 18 dB using flip-chip bonding techniques. References [65] and [66] utilize 

traditional substrates, silicon and ceramic, as the MMIC carriers, respectively. 

However, these two kinds of substrates cannot be stacked to achieve multilayer 

Chapter 4
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circuits and, thereby, are not able to provide high density for the components and 

assembly in a module. As an alternative, LCP is an ideal material for multilayer circuit 

at mmW frequencies, and has been investigated as MMIC carriers in Ref. [67]-[69]. 

Nevertheless, the integration of MMICs on LCP substrates using traditional flip-chip 

or wire bonding is challenging due to the large permittivity mismatch between the 

LCP and MMICs’ substrates. Typically, flip-chip bonds require CPWs or CBCPWs as 

the feed lines for the MMICs. However, due to the low permittivity of the LCP 

substrate, it is critical to fabricate a 50 � CPW or CBCPW with a similar mode profile 

to that of the MMICs’ probe pads at W-band using the commercial large-panel circuit 

print technologies [9]. Customized thin metal claddings [67]-[69] may be applied to 

the LCP substrate to improve fabrication resolution and achieve compact CPWs or 

CBCPWs. However, thin metal cladding increases the cost significantly, especially for 

large-panel and large-quantity applications. In addition, wire bonding is more versatile, 

and can be utilized for CPW, CBCPW, and microstrip (MS) line feeds. References 

[70]-[72] investigated the wire-bonded modules on LCP substrates at low frequencies, 

i.e., Ka-band. However, these feeding transmission lines suffer from the same mode 

mismatch due to the aforementioned permittivity mismatch. Besides, as the frequency 

increases, the inductance of the traditional wire bond increases significantly, thereby 

introducing additional impedance mismatch as well. 

In this chapter, I present the integration and packaging techniques for high-

gain MCMs in multilayer LCP substrates and propose a 50 dB gain double-LNA 

module at W-band. The proposed module employs a four-circuit layer LCP substrate 

as a MMIC carrier, which was fabricated on 12×18 inch panels using commercial 

state-of-the-art large-panel circuit print technologies [9]. In the proposed MCM, RF 
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components and bias circuits are distributed in different layers in order to achieve 

higher density. To efficiently integrate the LNAs with the MS line feeds, V-shape wire 

bonds are designed as a substitute to the traditional wire bonds. The proposed MCM 

achieves high gain, low NF, and linear phase at W-band. This chapter is organized as 

follows. In Section 4.1, the utilized LNA will be discussed. Then, the multilayer LCP 

carrier and V-shape wire bond will be depicted in Section 4.2 and 4.3, respectively. In 

Section 4.4, I will present the developed single-LNA and double-LNA modules. In 

Section 4.5, the package technologies will be discussed.   

4.1 NG ALP283 Low Noise Amplifier 

To achieve high gain and low NF, the state-of-the-art Northrop Grumman (NG) 

ALP283 LNA was chosen for the proposed modules, which can provide a high gain of 

30 dB and a low NF of less than 2.5 dB at W-band [73]. The configuration of the LNA 

is illustrated in Figure 4.1 (a). It is 2 mm long and 0.8 mm wide, and is fabricated on a 

75μm thick indium phosphide (InP) substrate. The pitch between the signal and 

ground bond pads is 90 μm. Figure 4.1 (b) shows the on-chip measured gain of the 

LNA. It can be found that the measured gain is higher than 30 dB from 80 to 100 

GHz. The active input and output impedances of the LNA can be extracted from the 

on-chip measured S-parameters as follows [11]: 
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(a) 

(b) (c) 

Figure 4.1. (a) Top view, (b) measured on-chip gain, and (c) calculated input and 
output impedances of the NG ALP283 LNA. 
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where ��� and ��� (m = 1, 2 and n = 1, 2) are the S- and Z-parameters, respectively; 

Z0, ZL, and ZS are the characteristic impedance, load impedance, and source 

impedance, respectively, and equal 50 � in the on-chip measurement. The calculated 

input and output impedance of the LNA are illustrated in Figure 4.1 (c). It can be seen 

that the calculated active impedance of the LNA is approximately 50 � at most of the 

frequencies at W-band. In this case, to minimize impedance mismatch, 50� 

transmission lines are preferred to feed the LNAs.  

4.2 Multilayer-LCP MMIC Carrier 

Multilayer printed circuits are superior to the traditional single-sided and 

double-sided circuits due to their high density, low connection loss, and multi- 

function capability [74]. At mmW frequencies, LCP is a promising material for the 

multilayer application due to its low loss, low dielectric constant, low water absorption, 

and available thicknesses down to 25 μm [8] [23]. The dielectric constant and loss 

tangent of LCP are approximately 3.2 and 0.004, respectively, at W-band [8]. Herein, a 

multilayer LCP substrate is chosen as the LNA’s carrier, consisting of three LCP 

layers and four circuit layers, as illustrated in Figure 4.2. The thickness of the top LCP, 

inner bond-ply, and bottom LCP is 100 μm, 50 μm, and 50 μm, respectively. The RF 

components, including LNAs, MS line feeds, and isolation structures, are designed in 

the top two circuit layers to minimize the impact of multilayer lamination tolerance, 

while the LNA bias and digital control circuits are designed in the bottom two layers, 

achieving high density and multi-function for the proposed module.  

For the consideration of large quantity production, the proposed multilayer 

LCP carriers are fabricated using the commercial state-of-the-art large-scale circuit 

print technologies with a minimum fabrication resolution of 50 μm for circuit patterns 
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[9]. Generally, CBCPWs and MS lines are the two most prolific transmission lines in 

multilayer circuits due to their perfect layer-to-layer electrical shielding [74]-[75]. 

However, the CBCPWs are not suitable for the LNA integration on LCP substrates. 

On a 100μm thick LCP substrate, in order to achieve a 50� CBCPW with the 

commercial fabrication standards, the signal width of the CBCPW has to be as large as 

200 μm, and the corresponding signal-to-ground pitch is much larger than that of the 

LNA bond pads (90 μm), leading to strong mode mismatch. To this end, 50� MS 

lines with a width of 240 μm are chosen to feed the LNAs with carefully designed V-

shape wire bonds, which will be presented in the next subsection. To probe the module, 

a pair of CBCPW probe pads presented in Section 3.3.2 are employed to terminate the 

MS lines. 

 

Figure 4.2. Layer-to-layer circuit schematic of the multilayer LCP carrier. 
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4.3 V-Shape Wire Bond 

Flip-chip [76] and wire bonding [77] are the two main chip-level integration 

techniques at high frequencies. The former addresses low inductance and typically 

requires CPWs or CBCPWs as feed lines [76]. However, CPWs are not suitable for 

multilayer circuitry due to their poor layer-to-layer isolation, and CBCPWs suffer 

from the aforementioned mode dimension mismatch between the LCP and LNAs as 

well as inherent mode mismatch due to the fact that CBCPW mode is a combination of 

CPW and MS line modes. Alternatively, wire bonding can be adapted to most 

transmission lines, i.e., MS lines, CPWs, and CBCPWs. The inductance of a wire 

bond is typically larger than a flip-chip bond at high frequencies, and can be estimated 

by the following formula [14]: 

� � ��� � � � �� 	
� � �� � � ��� 
� � ���� ����� 
where l and d are the length and diameter of the wire bond, respectively, and h is the 

height of the wire bond with respect to the ground. It can be found that reducing h and 

l can decrease the inductance of wire bonds.  

The utilized NG ALP283 LNA is designed for wire bond integration. To 

minimize the inductance of the wire bond, the LNA chip is embedded in a laser-drilled 

pocket in the top LCP layer, as illustrated in Figure 4.3 (a), reducing h in Equation 

(4.8). The empirical thickness of the conductive silver epoxy for the LNA adhering is 

approximately 20 μm. Thus, the LNA will be approximately level with the MS line 

feeds on the LCP substrate. 

To match the mode profiles between the MS lines on the LCP substrate and 

LNA as well as further reduce the wire bond’s inductance, V-shape wire bonds are 
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designed and utilized for the LNA integration, as illustrated in Figure 4.3 (a). HFSS is 

utilized to construct and simulate the 3-D full-wave models of the proposed V-shape 

wire bond as well as a traditional single wire bond for comparison. The gap between 

 
(a) 

(b) (c) 

Figure 4.3. (a) Configuration of the V-shape wire bond and traditional single wire 
bond, (b) simulated S-parameters of these two wire bonds as well as the circuit 
module (CM) of the V-shape wire bond, and (c) calculated input and output 
impedances of the wire bonds. 
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the LNA and MS line is 130 μm, and the length, L, and height, H, of the wire bond are 

220 and 20 μm, respectively. The diameter of the wire bond is 25 μm, and the flared 

pitch, W, of the V-shape wire bond is 150μm. In the simulation, the wave ports are de-

embedded to the wire bonding positions, as shown in Figure 4.3 (a). The simulated S-

parameters of the two wire bonds are illustrated in Figure 4.3 (b). It can be seen that 

the proposed V-shape wire bond provides much lower insertion loss and reflection 

than the traditional single wire bond. Tolerance analysis has been done to the V-shape 

wire bond’s length (L) from 200 to 240 μm, flared width (W) from 130 to 170 μm, and 

height (H) from 10 to 30 μm, revealing little degradation to the performance of the 

proposed wire bond. Using Equations (4.1)-(4.7), the input and output impedances of 

these two wire bonds were calculated, as illustrated in Figure 4.3 (c). It can be seen 

that the proposed V-shape wire bond has a resistance of around 50 � and a low 

reactance of less than 10 � from 70 to 110 GHz. 

To better understand the proposed V-shape wire bond, its equivalent circuit 

model was designed, as illustrated in Figure 4.4. According to the curvature, the low 

profile V-shape wire bond can be divided into three parts [77], i.e., region A on the 

LCP substrate, region B in free space, and region C on the LNA. LAs and LAw represent 

the inductances of the MS line and wire bond in region A, respectively; LCs and LCw 

are the inductances of the MS line and wire bond in region C, respectively. CA and CC 

are the capacitances for the bonding regions A and C [77], respectively, each including 

capacitance of MS line and fringing capacitance associated with the MS line open end 

[78]. In region B, RB, LB, and CB are the resistance, inductance, and capacitance of 

each single wire bond, respectively. CP is the capacitance between two wire bonds, 

and CT is the parasitic capacitance for the wire bond taper. The values of these 
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parameters for the circuit model can be estimated by using Keysight Advanced Design 

System (ADS) to match the simulated S-parameters obtained in HFSS, and are listed 

in Table 4.1. The S-parameters of the circuit model are also illustrated in Figure 4.3 

(b), showing good agreement with the HFSS simulation.  

Figure 4.4. Equivalent circuit model of the proposed V-shape wire bond. 

Table 4.1. Resistance, inductance, and capacitance of the circuit module for the V-
shape wire bond. 

Parameters Values Parameters Values  
LAs 8.5 pH CT 0.87 pF  
LAw 77.5 pH CP 4.2 pF  
CA 0.0091 pF LCs 1.4 pH  
RB 4.9 � LCw 28.5 pH  
LB 308 pH CC 0.0106 pF  
CB 0.0044 pF    
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4.4 Multi-Chip Module 

4.4.1 Single-LNA Module 

The study of a MCM begins with a single-LNA module, which consists of one 

ALP283 LNA chip, two MS line feeds, a pair of CBCPW probe pads, and bias circuit, 

as shown in Figure 4.5 (a). The LNA chip is embedded in a pocket in the top LCP 

layer, and integrated with MS lines using V-shape wire bonds. The practical wire 

bonds have a length (L) varying from 210 to 235 μm, a flared width (W) varying from 

133 to 160 μm, and a height (H) varying from 15 to 35 μm. Based on the tolerance 

analysis, these variations do not change the insertion loss of the V-shape wire bond 

significantly. The net loss of the single-LNA module can be estimated by combining 

the insertion losses of the individual components, including probe pads, V-shape wire 

bonds, and two 3mm long MS lines, and are illustrated in Figure 4.5 (b). It can be seen 

that the simulated net loss of the single-LNA module is less than 3.8 dB at W-band. 

Next, the net gain of the single-LNA module can be estimated by subtracting its net 

loss from the LNA’s on-chip measured gain. The estimated net gain is higher than 27 

dB from 80 to 100 GHz, as depicted in Fig. 5 (c). 

Throughout this measurement, the system set-up and calibration method 

aforementioned in Section 3.2 were utilized to characterize the single-LNA model as 

well as the following double-LNA module. The measured gain of the single-LNA 

module is illustrated in Fig. 4.5 (c). A high gain of 26.5-29.5 dB is demonstrated from 

80 to 100 GHz, showing good agreement with the estimated gain. The discrepancy 

between the measured and calculated gain curves may be attributed to the fabrication 

and integration tolerance as well as the chip-to-chip gain variation.  
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(a) 

(b) (c) 

Figure 4.5. (a) Configuration of the single-LNA module, (b) simulated net loss of 
the single-LNA module and double-LNA module, and (c) measured and calculated 
net gain of the single-LNA module. 

4.4.2 Double-LNA Module  

After successfully integrating and characterizing the single-LNA module, a 

MCM with two ALP283 LNA chips was investigated, as illustrated in Figure 4.6. 

Differing from the single-LNA module, substrate integrated waveguides (SIWs) are 
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designed and distributed between LNAs, and via barriers are distributed in the inactive 

region of the LCP carrier to minimize the undesired substrate modes in the carrier 

substrate. The diameter and pitch of the vias are 250 and 300 μm, respectively. The 

width of the SIW is 1.7 mm, and the corresponding cut-off frequency is approximately 

58 GHz. Thereby, the SIWs can only support TE10 mode at W-band. The length of the 

three SIWs is 6, 8, and 6 mm, respectively. The SIW-to-MS transition presented in 

Section 3.2 is utilized to connect the SIWs with the MS lines, whose insertion loss is 

less than 0.7 dB from 70 GHz to 110 GHz. To eliminate the low-frequency 

oscillations, bypass capacitors are employed as high pass filters in the bottom circuit 

layer, as illustrated in Figure 4.6. As can be found in Figure 4.5 (b), the net loss of the 

 

Figure 4.6. Packaged double-LNA module and 3-D printed housing. 
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passive components in the double-LNA module, including SIWs, MS lines, SIW-to-

MS transitions, CBCPW probe pads, and V-shape wire bonds, is less than 11.3 dB 

from 70 to 100 GHz. Thus, the net gain of the module can be calculated by subtracting 

its net loss (Figure 4.5 (b)) from two times of the on-chip gain of the LNA (Figure 4.1 

(b)). Figure 4.7 (b) illustrates the estimated and measured net gain of the proposed 

module. The measured gain is higher than 45 dB from 78 to 100 GHz, and higher than 

50 dB from 81 to 92 GHz, showing good agreement with the calculated data. The 

discrepancy can be attributed to the aforementioned reasons for the single-LNA 

module. The unwrapped phase of the double-LNA module is illustrated in Figure 4.6 

(c), showing linearity at the working frequencies.   

In wireless communication systems, NF is an important factor to describe 

noise performance, and determines the receiver’s sensitivity. The NF of cascaded 

devices can be expressed as follows [79]: 
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where ��� and 
� (n is an integer) are the noise figure and gain of the cascaded nth 

element, respectively. Thus, the module’s NF can be estimated by plugging the on-

chip measured gain of a single LNA (Figure 4.1 (b)), the simulated insertion losses of 

the passive components, and the LNA’s NF in NG’s datasheet [73] into Equation (4.9). 

Figure 4.7 (c) illustrates the calculated and measured NFs of the proposed double-

LNA module. The measured NF is characterized by using Y-factor method [79]. A W-

band noise diode, QNS-FB15LW from Quinstar Inc., was integrated in front of the 

module as an excess noise ratio (ENR) source. By turning the noise diode on and off, 

Y-factor can be measured, and the NF of the module can be extracted. The measured 
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NF of the proposed double-LNA module is less than 6 dB from 77 to 97 GHz, which 

is in good agreement with the calculated data. The small discrepancy can be attributed 

to the integration tolerance and the chip-to-chip NF variation. NG’s datasheet [73] 

only provides the NF from 75 to 100 GHz. Thus, the measured NF is given in the 

same spectrum.  

(a) (b) 

(c) 

Figure 4.7. Measured and calculated (a) net gain, (b) unwrapped phase, and (c) 
noise figure of the double-LNA module. 
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4.5 Packaging Technologies 

Traditional mmW packaging utilizes metals [25] or ceramics [63], both of 

which are expensive, and have their own independent limitations. The metallic 

packaging is typically bulky and heavy, and ceramics require detrimentally high 

lamination temperature. As an alternative, inexpensive plastic packaging has gained 

great interest recently. References [70], [72], and [74] reported semi-hermetic organic 

packaging by laminating multilayer LCP substrates. However, these LCP packages 

cannot provide metallic cavities to isolate the MMICs from electromagnetic 

interference (EMI) in the high gain MCMs at high frequencies, i.e., W-band.  

I proposed using 3D-printed resin housing coated with gold to encapsulate the 

LNAs, as illustrated in Figure 4.6. The length of the housing cavity is 6 mm, and the 

width and depth are 3 mm. The proposed housing was adhered on the top grounds of 

the SIWs and inactive regions to cover each LNA using silver epoxy, and provides 

light weight and low cost to module packaging and electromagnetic isolation, quasi-

hermetization, and mechanical buffering to the LNAs. The measured gain, phase, and 

NF of the proposed double-LNA module with housing are also illustrated in Figure 4.7 

(a), (b), and (c), respectively. It can be found that the proposed housing introduces 

little degradation to the performance of the double-LNA module. 

4.6 Summary 

In this chapter, I presented the MCM integration and packaging technologies, 

i.e., multilayer carrier, laser-drilled cavities, and V-shape wire bonding, and a 50dB 

gain double-LNA module at W-band using a four-circuit layer LCP substrate as a 

MMIC carrier. The utilized LCP carrier consists of four circuit layers, i.e., the top two 

for the RF components and the bottom two for the bias circuits. To reduce the wire 
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bond’s inductance, the LNA chip is embedded into a laser-drilled pocket in the top 

LCP layer. To minimize the mode mismatch between the MS lines on the LCP 

substrate and LNAs as well as further reduce the wire bond’s inductance, V-shape 

wire bonds are designed to integrate the LNAs with MS lines. The single-LNA 

module achieves a high gain of more than 26.5 dB from 80 to 100 GHz. In the MCM, 

SIWs and via barriers are designed to eliminate the undesired substrate modes in 

carrier substrates, and 3D-printed gold-coated housings are designed to encapsulate 

the LNAs and isolate them in free space. An impressive gain of 45-52 dB and a low 

NF of less than 6 dB were demonstrated for the double-LNA module from 80 to 100 

GHz. The proposed module also achieves linear phase at the working frequencies. 
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SIW FILTER AND DIRECTIONAL FILTER AT W-BAND  

The most obvious application of a filter is to reject the unwanted signal 

frequencies while permitting good transmission of the desired frequencies [80]. 

According to their spectral response, filters can be classified into different categories, 

i.e., low-pass, high-pass, band-pass, and band-reject. Their applications can be found 

in virtually any type of microwave or millimeter wave wireless communication, radar, 

radiometry, and measurement systems. In the general sense, PCBs serve as the 

foundation for virtually all these systems. In the printed circuits of these systems, 

compact filters can be designed on various transmission lines, i.e., MS lines, CPWs, 

and SIWs. Traditionally, most filters are two-port structures, in which the desired 

frequencies pass through, and the undesired ones are reflected. However, the strong 

reflection may introduce many problems, i.e., noise, substrate modes, and oscillation, 

in the compact mmW systems, particularly for high-gain active applications. To 

mitigate the reflection, a four-port directional filter has been developed, which can 

pass the desired frequencies to one port and drop the undesired spectra to another port 

with low reflection and good isolation at the other two ports. Directional filters have 

found many applications in the high-gain systems and frequency division multiplexing 

of wireless communications at microwave frequencies. 

In this chapter, I present a SIW-based two-port bandpass filter and a MS-based 

four-port bandpass directional filter in multilayer LCP substrates, which can be 

applied to many wireless applications at W-band. As presented in Section 3.1, MS 

Chapter 5
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lines and SIWs are the two main transmission lines for the proposed front-end 

receiving module. Thus, the filter design is based on these two components. This 

chapter is organized as follows. In Section 5.1, I will discuss the detailed challenges 

for the printed filters on LCP substrates as well as other substrates at W-band. Then, 

the SIW-based filter and MS-based directional filter will be presented in Section 5.2 

and Section 5.3, respectively. This is followed with a summary and conclusion. 

5.1 Challenges for W-band Filters 

In Section 1.2, I have discussed the challenges in materials, fabrication, 

electromagnetic interference, and measurement for W-band frequencies. In this section, 

I discuss the detailed challenges for the W-band filters in multilayer LCP substrates 

fabricated using commercial large-panel PCB technologies. Under the commercial 

fabrication standards, the minimum resolution of circuit patterns is 50 μm, and the 

diameter and pitch of the micro vias are 250 μm and 300 μm, respectively. The via’s 

annular ring is suggested to be 125 μm larger than its hole [9]. 

Typically, the two-port filters can be designed on MS lines, CPWs, and SIWs. 

Among these three transmission lines, MS lines and SIWs are of great preference in 

multilayer printed circuits due to their good electrical shielding. The filters based on 

MS lines [80] and SIWs [44] have been thoroughly investigated at microwave 

frequencies. However, their applications for W-band frequencies are limited by 

commercial fabrication resolution. On one hand, the traditional MS line based filters 

are designed using cascaded half-wavelength impedance steps [80], or half-

wavelength and/or quarter-wavelength MS lines with capacitive coupling [80]. The 

former require narrow line width to achieve high impedance, and the latter need tiny 

gaps to obtain sufficient coupling at W-band, both of which, however, cannot be 
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fabricated using the commercial large-panel circuit printing technologies. The 

interdigital filters with vias [80] can be designed with gaps wider than 50 μm between 

the adjacent MS lines. However, the electrically ‘large’ ring of the vias may change 

the resonant frequency and short-circuit the neighboring lines. On the other hand, the 

SIW-based filters can be designed using quarter-wavelength inductive coupling or 

cascaded cavities with irises [44]. The inductive posts and irises are typically defined 

using vias, which are practical at low frequencies. However, the diameter and pitch of 

the vias becomes electrically ‘large’ at W-band, which may potentially increase the 

SIW’s leakage, introduce difficulties to precisely define cavities, and reduce the 

quality factor of the cavities. Also, the registration tolerance of the vias for the 

inductive posts and irises may change the center frequency of SIW filters. Compared 

to the MS-based filters, the SIW-based filters are more robust and practical to the 

commercial large-panel fabrication technologies at high frequencies. To this end, the 

SIW-based filters are investigated in this dissertation. 

A directional filter is a four-port structure, consisting of one travelling-wave 

resonator or two standing-wave resonators, terminating lines, and tiny gaps between 

them to obtain sufficient coupling. It can be designed on MS lines, SIWs, and SLs in 

printed circuits. The most critical parts of a directional filter are the resonator and the 

coupling gaps between the resonator and terminating lines. SIWs are not preferable for 

directional filters due to the fact that their width is too electrically ‘large’ to achieve 

compact resonators. The SL-based and MS-based direction filters suffer from the low 

coupling efficiency of the gaps, which aggravated as the frequency increases. As the 

frequency increases to W-band, the traditional directional filters based on MS lines and 

SLs encounter significant insertion loss and reflection, which is mainly limited by the 
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commercial fabrication standards. To the best of my knowledge, no directional filters 

have been reported at W-band so far. New topologies have to be invented for the 

directional filters at W-band. 

5.2 SIW Filter at 94 GHZ 

Recently, substrate integrated waveguides have been investigated to substitute 

for traditional rectangular waveguides in printed circuits at microwave/mmW 

frequencies, due to their low profile, high density, light weight, and simple packaging. 

A SIW is a waveguide-like structure fabricated in a dielectric substrate by using two 

rows of metal vias to connect the top and bottom parallel conductor layers. It preserves 

most of the advantages of conventional air-filled RWGs, including high quality factor, 

high power-handling capability, and good electrical shielding. Originating from the 

planar H-plane RWG filters, SIW filters have gained great interest in the last decade. 

The SIW filters are superior over the traditional waveguide filters and planar 

transmission line filters due to the aforementioned benefits. According to the coupling 

topologies, SIW filters can be classified into four categories: inductive post, iris 

windows, circular cavities, and rectangular cavities with cross-coupling [44]. Most 

SIW filters reported so far are designed below 60 GHz [81]-[84], and fabricated on 

small panels.  

The ultimate application of SIW filters and other passive components is in 

large-scale printed circuits, which becomes dominant in the circuit market due to their 

low unit cost and high manufacturing speed. However, it has to sacrifice the resolution 

of the minimum features in the fabrication. According to the commercial standards [9], 

the vias’ pads should be 125 μm larger than their holes, and the diameter and pitch of 

vias are suggested to be at least 250 μm in the multilayer circuits of the proposed 
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receiving module, which is large in terms of wavelength at W-band. These commercial 

standards introduce many detrimental impacts to the design and measurement of SIW 

filters at high frequencies, as discussed in Section 5.1.   

In this section, I present a second-ordered SIW filter, and demonstrate its 

application on a 100μm thick 12×18 inch LCP panel using the state-of-the-art large-

panel circuit print technologies. The SIW filter achieves an insertion loss of 1.5 dB at 

94 GHz and a passband of 8% centered at 94 GHz. 

5.2.1 SIW Filter Design 

Differing from traditional RGWs, SIWs can only support TEm0 modes due to 

their electrically ‘small’ substrate thickness in terms of wavelength. For the structure 

illustrated in Figure 5.1, the fundamental mode of the SIW cavities is TE110 mode. The 

initial cavity dimensions can be determined by setting the resonant frequency of the 

TE110 mode equal to the center frequency of the desired passband, as described by the 

following formula: 
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where �� is the dielectric constant, � and � are the SIW cavity’s width and length, � 

is the diameter of the vias, and � is the pitch size between two contiguous vias.  

In this section, simple topologies and low orders are employed for the SIW 

filter, which are robust in my view with respect to the commercial state-of-the-art PCB 

manufacturing, to investigate application possibility of SIW filters in large scale 

printed circuits at W-band. The diameter and center-to-center pitch of vias are d = 250 

and p = 300 μm, respectively, which could be utilized in a multilayer substrate with a 
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thickness of 200 μm. The filter is second-ordered using one iris window as a coupling 

element and two MS lines as feeds. The cavities and windows are carefully defined 

using laser-drilled vias. Ansys HFSS was employed to design a full-wave model for 

the proposed filter, as illustrated in Figure 5.1, and tune the cavity dimensions to 

optimize the insertion loss and center frequency of the filter. To attain an impedance 

of 50 �, the width of the MS lines is chosen as 240 μm, and the length and width of 

the two identical cavities are 2 and 0.9 mm, respectively. The widths of the feed 

window, W1, and iris window, W2, are 0.96 and 0.8 mm, respectively. Figure 5.2 (b) 

illustrates the simulated S-parameters of the second-ordered SIW filter. It can be found 

that the 3dB passband is from 90.8 to 98.5 GHz, and the insertion loss is 1.5 dB at 94 

GHz. The stopband attenuation is 36 and 11 dB at 70 and 110 GHz, respectively. The 

out-of-band attenuation could be improved by cascading additional cavities.  

 

Figure 5.1. Configuration of the second-ordered SIW filter fed by MS lines. 
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(a) 

 
(b) 

Figure 5.2. (a) Fabricated second-ordered SIW filter, and (b) simulated and 
measured S-parameters of the SIW filter. 
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5.2.2 Measurement  

The fabricated SIW filter is illustrated in Figure 5.2 (a). It comprises two 

identical cavities constructed with only twenty four vias and two MS lines terminated 

with a pair of low-loss CBCPW probe pads. The design and measurement of the probe 

pads have been presented in Section 3.3.2. The measurement set-up and calibration 

method discussed in Section 3.2 were employed for the characterization of this filter. 

Figure 5.2 (b) illustrates the measured S-parameters. It can be seen that the measured 

insertion loss is 2.6 dB at 94 GHz, including the two probe pads’ loss, and the 3dB 

bandwidth is from 90.8 to 98.5 GHz. As can be found in Figure 3.8 (c), the averaged 

insertion loss of a pair of CBCPW probe pads is approximately 0.8 dB at 94 GHz. 

Thus, the true loss of the fabricated filter is 1.8 dB, showing little discrepancy with the 

simulated loss. The out-of-band rejection is 36 dB at 70 GHz and 11 dB at 110 GHz, 

respectively. The simulated and measured S-parameters are in good agreement, which 

demonstrates that the SIW filter can be utilized in large-panel printed circuits. 

5.3 Directional Filters at 95 GHZ 

Directional filters (DFs) have gained tremendous interest in the application of 

frequency division multiplexing (FDM) in wireless communication systems. They can 

act either as channel combiners or channel separators. Superior over the other 

multiplexers, the DFs address miniaturization and low reflection. Various DFs have 

been devised since the 1960s, however, a limited number of them have found practical 

applications. Figure 5.3 illustrates the most useful types of the reported DFs. Ideally, a 

broadband signal fed into Port 1 of the DFs will be isolated at Port 4, the desired 

spectrum will be dropped to Port 3, and the signal at the undesired frequencies will 

travel to Port 2, with no reflection at Port 1 [80]. According to this mechanism, 
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directional filters can be classified into three categories: waveguide-based DFs [85], 

standing-wave DFs [86]-[90], and travelling-wave DFs [90]-[96]. The waveguide-

based DF comprises two rectangular waveguides and one cylindrical direct-coupled 

cavity resonator, as depicted in Figure 5.3 (a). Typically, it is bulky and heavy, and 

has a narrow bandwidth of less than 2 percent due to the high quality factor of the 

waveguide structures [80] [85]. Figures 5.3 (b) and (c) illustrate two types of standing-

(a) (b) 

(c) (d) 

Figure 5.3. Traditional directional filters: (a) waveguide-based, (b) standing-wave I, 
(c) standing-wave II, and (d) travelling-wave. 
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wave DFs with essentially the same frequency response. Each of them has two 

standing-wave resonators between two terminating lines, and can provide several 

percent bandwidth [86]-[90]. However, very tiny coupling gaps between the 

resonators and terminating lines are critically required to provide sufficient coupling, 

which is extremely challenging for the commercially available circuit print 

technologies, particularly at high frequencies. The travelling-wave DF comprises one 

or several travelling-wave loop resonators and two terminating lines [90]-[96], as 

illustrated in Figure 5.3 (d). The resonators and terminating lines are coupled by 

means of quarter-wavelength directional couplers. 3dB passband width on the order of 

several percent can be achieved by using multiple loops [80] [92]. However, the 

travelling-wave DFs suffer from the same fabrication tolerance problem as the 

standing-wave DFs as the frequency increases. 

To the best of my knowledge, all the reported DFs are designed below 40 GHz 

[86]-[96]. As the frequency increases, it becomes increasingly critical to obtain 

sufficient coupling between the resonators and terminating lines with planar structures 

[86]-[89] [91]-[94]. To this end, multilayer directional couplers were introduced to 

construct DFs [90] [95]-[96]. In these structures, the resonators and terminating lines 

are overlapped vertically, which can enhance the coupling, but also introduce large 

insertion loss and reflection. The insertion losses of the multilayer DFs in Ref. [90] 

[95] and [96] are reported as high as 5 dB and 4 dB at 6 GHz and 2.9 dB at 38 GHz. 

The coupling efficiency of the traditional multilayer quarter-wavelength directional 

coupler is strongly limited by the thickness of the substrates. Thus, it is challenging to 

scale the reported multilayer DFs to higher frequencies. 
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In this section, I present a new type of travelling-wave DF fabricated using 

multilayer liquid crystal polymer (LCP) substrates at 95 GHz. It comprises two dual-

slot directional couplers and one two-wavelength long loop resonator. The proposed 

filter is superior to the traditional symmetric travelling-wave DF by using asymmetric 

loop phase topology and the developed dual-slot directional couplers. To improve the 

directivity and reduce the insertion loss, cascaded DFs were also designed and 

characterized. The proposed DFs have no critically sized features, and were fabricated 

on 12×18 inch LCP panels by using commercial large-scale circuit print technologies. 

This section is organized as follows. Section 5.3.1 will discuss the proposed dual-slot 

directional coupler. Then, the design of the single-loop and cascaded double-loop DFs 

in LCP multilayer substrates will be depicted in Section 5.3.2. Section 5.3.3 will 

present the hybrid substrates, measurement setup, and measured results of the 

proposed DFs. 

5.3.1 Directional Coupler Design 

The traditional travelling-wave DF comprises loop resonators and quarter-

wavelength directional couplers [90]-[92] [94]-[96], as illustrated in Figure 5.3 (d). 

The couplers can be designed either using planar parallel lines with very narrow 

coupling gaps or vertically parallel lines in multilayer thin substrates. Reference [97] 

reported a directional coupler based on double-sided MS lines coupled through a slot 

with a length of quarter wavelength in the shared ground in multilayer substrates. 

However, these reported structures are not suitable for high-frequency applications 

due to the aforementioned problems of the reflection and coupling efficiency.  

Inspired by the multi-hole rectangular waveguide coupler [11], we designed a 

new type of dual-slot MS line based directional coupler in three-layer LCP substrates. 
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The proposed directional coupler comprises two parallel MS lines on the top and 

bottom layers, respectively, a shared ground in the inner layer, and two rectangular 

slots distributed in the ground with a pitch of a quarter wavelength of the MS lines. 

5.3.1.1 Slot coupling of the vertically overlapped MS lines 

To understand how the proposed directional coupler operates, the coupling 

mechanism of two vertically overlapped MS lines is first investigated. Its 

configuration and electric fields along the propagation direction of the guided wave 

are illustrated in Figure 5.4 (a). According to Ref. [11], for a signal sent into Port 1, it 

can excite an even mode to Port 4 and an odd mode to Port 3. For the even mode, the 

electric field is evenly symmetric according to the center line, thus no current flows 

between the two MS lines. For the odd mode, the field shows an odd symmetry, and a 

voltage null exists between the two strip conductors. Thus, these two modes propagate 

in opposite directions. The equivalent circuit models of these two modes are also 

illustrated in Figure 5.4 (a). C12 represents the coupling capacitance between the top 

and bottom MS lines, and C11 and C22 represent the capacitances of these two lines to 

the shared ground. Due to the small coupling slot, the capacitance (C12) is not 

significant, and, thereby, the even and odd modes have similar amplitude.  

Ansys HFSS was employed to design and simulate the full-wave models of the 

vertically coupled MS lines and the following devices. As illustrated in Figure 5.4 (a), 

the bond-ply is a 50μm thick LCP, and the top and bottom LCP core layers are 100 

and 50 μm, respectively. The dielectric constant and loss tangent of LCP are 3.2 and 

0.0045 at 95 GHz, respectively, as reported in Ref. [8]. The top MS line has a length 

of 5 mm and a width of 0.24 mm, providing an impedance of 50 � for probing. A 

narrower width of 0.16 mm is chosen for the bottom MS lines to suppress the 
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dispersion of the loop resonator [8] [71] in the DFs. As can be seen in Figure 5.4 (a), 

���and ���  represent the odd mode and even mode, respectively, due to the same 

propagation directions. Tolerance analysis of the substrate thickness and slot size is 

illustrated in Figure 5.4 (b) and (c). The total thickness of the bond-ply and bottom 

(a) 

(b) (c) 

Figure 5.4. (a) Configuration, electric fields, and equivalent circuit models of the 
slot-coupled vertically overlapped MS lines, and simulated S-parameters of the 
slot-coupled MS lines with (b) different LCP thickness and (c) slot size. 
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LCP is denoted as ��. As can be seen in Figure 5.4 (b), using a thin substrate can 

enhance the coupling efficiency. At �� � �� ��, the simulated �	
 and ��
 are 1.8 dB 

higher than their counterparts at �� � ��� ��. However, the MS lines on a 50μm 

thick LCP substrate have significant propagation loss [8], which is not suitable for 

practical applications. Increasing the size of the coupling slot can also enhance the 

coupling efficiency, however, significantly increasing the reflection, as illustrated in 

Figure 5.4 (c). It should be noted that a large slot introduces large discrepancy 

between the even mode and odd mode, which can be explained by the equivalent 

circuit models in Figure 5.4 (a). The odd mode is controlled by C11, C22, and C12, 

while the even mode is determined by C11 and C22. Enlarging the slot can increase C12, 

thus enhancing the odd mode faster than the even mode. When the slot width, �, 

equals a quarter wavelength, the traditional slot-coupled directional coupler reported 

in Ref. [97] can be achieved, however, whose reflection is significant at W-band. 

Based on the aforementioned analysis, to compensate for MS line’s loss, reflection, 

and coupling efficiency, �� is chosen as 100 μm, and the width, �, and length, ��, of 

the slot are 0.12 and 0.5 mm, respectively. The simulated magnitude of the even mode, 

��
 , and odd mode, �	
 , is -13.6 and -12.9 dB at 95 GHz, respectively, and the 

reflection, �

, is less than -12 dB from 70 to 100 GHz.  

5.3.1.2 Dual-slot directional coupler 

The configuration and mechanism of the proposed directional coupler are 

illustrated in Figure 5.5 (a). It consists of two coupling slots in a shared ground with a 

phase delay of 90º and an optimized distance of ps = 3.4 mm along the propagation 

direction of the guided wave. Due to the weak coupling of the slots, the two even 

modes and two odd modes excited by these two slots have similar amplitude. The two 
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even modes, propagating toward Port 4, are in-phase at the second slot, thus adding 

constructively, while the two odd modes, propagating towards Port 3, are 180° out-of-

phase at the first slot, thus providing a high isolation, as depicted in Figure 5.5 (a). The 

simulated S-parameters of the dual-slot directional coupler are illustrated in Figures 

 

(a) 

(b) (c) 

Figure 5.5. (a) Configuration, (b) simulated S11 and S31, and (c) simulated S21 and 
S41 of the directional coupler in LCP substrates and hybrid substrates. 
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5.5 (b) and (c), showing good directivity. It can been seen that ��� is -7.5 dB, ���is 

less than -30 dB, and ���is less than -30 dB at 94 GHz. Due to the high directivity, the 

proposed directional coupler can be utilized to design directional filters.  

5.3.2 Directional Filter Design 

Another key element to construct a travelling-wave DF is the loop resonator. 

The traditional DFs utilize loop resonators with a mean circumference of one 

wavelength at its center frequency [90]-[96], which is not suitable for high frequencies. 

As the frequency increases to W-band, i.e., 95 GHz, the widths of MS lines and 

coupling slots become electrically ‘large’ in terms of wavelength. In this case, the one 

wavelength loop resonator cannot provide enough space to combine with the proposed 

dual-slot directional filter efficiently. Meanwhile, the limited loop length of a one 

wavelength loop with ‘large’ line width may increase mutual coupling between the 

MS lines in the loop, thus reducing the resonator’s Q-factor. To mitigate this problem, 

the mean circumference of the loop resonator is chosen as two wavelengths of the MS 

line at 95 GHz. The configuration of the utilized loop resonators is illustrated in Figure 

5.6 (a). Its mean length and width are 1.32 mm and 0.71 mm, respectively. The width 

of the bottom MS line is 0.16 mm, providing an impedance of 62 � to suppress the 

dispersion of the loop resonator. Figure 5.7 illustrates the simulated effective dielectric 

constant and propagation loss of the MS lines with a width of 160 μm. It can be seen 

that their propagation loss is 0.156 dB/mm at 95 GHz. The simulated unloaded Q-

factor of the loop resonator is 58 at 95 GHz, which can be calculated using the 

methods reported in Ref. [8] and [71]. Then, the corresponding averaged attenuation 

of the loop resonator can be calculated as 0.226 dB/mm, including the radiation loss 

and propagation loss of the loop line [71]. The averaged radiation loss can be obtained 
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by subtracting the propagation loss illustrated in Figure 5.7 (b) from the total loss. The 

estimated radiation loss is approximately 0.065 dB/mm at 95 GHz, which is not 

significant with respect to the total loss.  

(a) 

(b) (c) 

Figure 5.6. (a) Configuration of the single-loop DFs with symmetric and 
asymmetric loop topologies in multilayer LCP substrates, and simulated S-
parameters of the (b) symmetric and (c) asymmetric DFs with ps = 0.35 mm. 
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5.3.2.1 Single-loop directional filter 

5.3.2.1.1 Symmetric loop 

I first investigated a DF with a symmetric loop, which is typically utilized for 

the traditional travelling-wave DFs [90]-[96], as illustrated in Figure 5.6 (a). 

According to the directional coupler’s mechanism aforementioned in Section 5.3.1, the 

signal input to Port 1 will be dropped at Port 3, and isolated at Port 4 at 94 GHz. The 

pitch between the two coupling slots, ��, is optimized to 0.35 mm, instead of 0.34 mm, 

to achieve a higher directivity for the DF. Figure 5.6 (b) illustrates the simulated S-

parameters of the proposed symmetric DF. The insertion loss of the passband, ���, is -

4.6 dB at Port 3 at 94 GHz, and the 3dB bandwidth is 5.3% centered at 94 GHz. It 

should be noted that the through loss, ���, is as high as -9.5 dB, which is limited by 

(a) (b) 

Figure 5.7. Simulated (a) effective dielectric constant and (b) loss of MS lines with 
a width of 160 μm on a 100μm LCP substrate and a 50μm LCP substrate 
laminated with a 66μm AG bond-ply. 
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the coupling efficiency, and can be reduced by cascading directional filters. The 

isolation, ���, and reflection, ���, are better than -17 dB at 94 GHz at Port 4 and Port 

1, respectively. 

However, the symmetric loop reduces the directivity of the DF inherently. As 

can be seen in Figure 5.6 (a), the phase between Slot 1 and Slot 2 and between Slot 3 

and Slot 4 is approximately 90º, and the phase between Slot 1 and Slot 3 and between 

Slot 2 and Slot 4 is 270º. With such a phase distribution, the signals transmitted from 

Port 1 to Port 3 in the clockwise and anti-clockwise directions are 180º out of phase, 

which actually degrades the directivity. 

5.3.2.1.2 Asymmetric loop  

To improve the directivity of the DF, I proposed an asymmetric loop topology, 

as depicted in Figure 5.6 (a). This asymmetric phase topology is similar to that of the 

standing-wave DF [88] in Figure 5.3 (b). The center of the loop is shifted by a factor 

of 0.45 mm with respect to the slots. In this case, the phase between Slot 1 and Slot 3 

and between Slot 2 and Slot 4 becomes approximately 180º and 360º, respectively. 

With such a phase distribution, the signals transmitted from Port 1 to Port 3 in the 

clockwise and anti-clockwise directions are constructive, and the counterparts from 

Port 1 to Port 2 and from Port 1 to Port 4 are 180º out of phase, thus improving the 

directivity of the DFs. The simulated S-parameters of the asymmetric single-loop DFs 

are illustrated in Figure 5.6 (c). The 3dB bandwidth of the passband is reduced from 

5.3% to 4.9%, the out-of-band rejection is improved more than 5 dB, and the isolation 

and reflection are also improved dramatically. 
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5.3.2.2 Double-loop directional filter 

Typically, to improve the directivity and the insertion loss, the travelling-wave 

DFs may cascade multiple loop resonators [92], as illustrated in Figure 5.3 (d), and the 

standing-wave DFs can cascade the identical DFs along the terminating lines [88]. 

Here, I cascade two identical single-loop DFs in the direction of the terminating lines 

with the same topology for the standing-wave DFs, as illustrated in Figure 5.8 (a). The 

Port 1 and Port 3 of the second DF connect to the Port 2 and Port 4 of the first DF, 

respectively. The ��� and ��� of the first DF will travel to the second DF as the input 

signals, and can be depicted by the following formula: 

���
� � ���

� 	
�� 

���
�� � ���

� 	
�� 

where ����  and ����  are the through and isolated signals of the first DF, respectively, � 

is the phase delay between two DFs, and ����  and �����  are the input signal to the Port 1 

and Port 3 of the second DF, respectively. Due to the symmetry of the proposed DF, 

the S-parameters satisfy the following relationships: 
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Both ����  and �����  will be filtered using the same mechanism. Thus, the fundamental 
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���
�  and ����  will be fed back to the first DF, part of which will contribute to ����  and 

���
�  and the rest of which will be reflected back to the second DF as the high-order 

mutual coupling between the two DFs. As can be found in Figure 5.6 (c), the ���� , ���� , 

 
(a) 

(b) (c) 

Figure 5.8. (a) Configuration of the cascaded double-loop DF with asymmetric 
loops, and simulated S-parameters of the cascaded DF with Pd = (b) 1.9 mm and (c) 
2.3 mm. 
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.

(5.5)

and ����  of the single-loop DF are less than -20 dB, -10 dB, and -17 dB at 95 GHz, 

respectively. Therefore, it is fair to neglect the high-order mutual coupling and high-

order items, simplifying our analysis. The S-parameters of the cascaded double-loop 

travelling-wave DF can be described as follows: 
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It is noted that the S-parameters of the cascaded DFs have periodic characteristics, 

which are controlled by the phase delay, �, between them. ����  is maximum at � = n� 

(n is an integer) and minimum at � = (2n+1)�/2. Limited by the loop dimensions, � = 

2� is chosen to reduce the insertion loss, which corresponds to Pd = 1.9 mm. The 

simulated S-parameters of the cascaded double-loop DF with Pd = 1.9 mm are 

illustrated in Figure 5.8 (b). Superior to the single-loop DFs, the insertion loss, ���, is 

improved to 2.6 dB, and the through loss, ���, is reduced to -17 dB at 94 GHz. The 

isolation is better than -20 dB at 95 GHz, and the reflection is less than -11 dB at W-

band. Due to the weak disturbance coupling between the two DFs, the 3dB bandwidth 

of the passband is broadened to 8%. Tuning the phase delay can also introduce two 

transmission zero points to sharp the passband. As the frequency deviates from the 

center frequency, the item ���� ���
� � ���

� ���
�  for ����  in Equation (5.5) approaches one. 
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Thus, at � � (2n+1)�/2, two transmission zero points can be introduced to ���� . The 

simulated S-parameters of the double-loop DF with Pd = 2.3 mm and � = 5�/2 are 

illustrated in Figure 5.8 (c). The passband width is reduced to 4% centered at 94 GHz 

with an increased insertion loss of 4.8 dB. 

5.3.3 Hybrid Substrates and Measurement 

5.3.3.1 Hybrid substrates 

To improve the yield for large panel lamination [9], the manufacturer suggests 

using 66μm (2.6mil) thick Arlon GenClad (AG) 280 bond-ply [98] as a substitute to 

the LCP bond-ply. Consequently, we have to adapt the directional couplers and filters 

in the hybrid substrates. The dielectric constant and loss tangent of the AG bond-ply at 

95 GHz is approximately 2.82 and 0.005, respectively, which can be calculated using 

classic ring resonator method and transmission line method reported in Ref. [71]. As 

can be seen in Figure 5.7, using AG bond-ply slightly reduces the effective dielectric 

constant and propagation loss of the MS lines. To maintain the same resonant 

frequency, the pitch between slots, ps, is increased to 3.7 mm, and the length and 

width of the loop are slightly increased to 1.35 mm and 0.745 mm, respectively. The 

unloaded Q-factor and the averaged radiation loss of the loop resonator in the hybrid 

substrates are similar to their counterparts in LCP substrates. The AG bond-ply 

slightly increases the MS line’s impedance from 62 to 67 �, which is preferable to 

suppress the dispersion of the loop resonator. The drawback of the hybrid substrates is 

the slightly-reduced coupling efficiency of the slot-coupled double-sided MS lines, 

which is due to the fact that AG bond-ply with low dielectric constant (2.82) and large 

thickness (66 μm) reduces C21 and C22. The simulated S-parameters of the directional 
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couplers in the hybrid substrates are illustrated in Figure 5.5 (b) and (c). The insertion 

loss, ���, is -8.2 dB at Port 4, and the isolation, ���, is better than -30 dB at Port 3 at 

around 95 GHz. The coupling efficiency is 0.7 dB lower than that in the LCP 

substrates at 95 GHz, which may slightly increase the loss of DFs in hybrid substrates. 

The HFSS models of the DFs are modified and re-simulated with an AG bond-ply as a 

reference for the measured data. 

5.3.3.2 Measurement set-up and W-band load 

The measurement setup and calibration method discussed in Section 3.2 were 

utilized to characterize the MS-to-SIW transition. To probe the DFs, via-less CBCPW 

probe pads presented in Section 3.3.2 were utilized to connect the terminating MS 

lines. These probe pads achieve low loss and low reflection at W-band. 

To characterize the proposed four-port structures, two ports are probed, while 

the remaining two ports should be terminated with perfect loads. However, the 

commercially available state-of-the-art 50 � resistors can only function up to 50 GHz. 

Beyond 50 GHz, these resistors become inductive, and, thus, cannot serve as perfect 

loads. To improve the load performance, we attached RF absorbers onto the MS lines 

to attenuate the reflection. CBCPW probe pads terminated MS lines were integrated 

with 50 � resistors and high-loss RF absorbers to investigate the reflection. The 

utilized resistors are S0402AF from State of the Art Inc. [99], and the absorber 

material is C-RAM GDSS from Cuming Microwave Corp. [100]. With only the 

resistor load, the reflection is as strong as -4 dB at W-band. With a 10mm long RF 

absorber, the reflection is less than -14 dB. With both absorber and resistor, the 

reflection can be suppressed down to less than -17 dB at W-band.  
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5.3.3.3 Measured S-parameters  

The fabricated single-loop and cascaded DFs are illustrated in Figure 5.9. The 

material properties utilized in the HFSS simulation and the dimensions of the HFSS 

modules and fabricated devices are listed in Table 5.1, revealing a small fabrication 

Figure 5.9. Fabricated single-loop and cascaded DFs with RF absorbers. 

Table 5.1. Material properties of the substrates and dimensions of the HFSS models 
and fabricated devices 

Parameters HFSS Fabricated Parameters HFSS Fabricated  

W1 0.24 mm 0.228 mm �r (LCP) 3.2   

W2 0.16 mm 0.15 mm tan� (LCP) 0.0045   

Ws 0.12 mm 0.126 mm �r (AG) 2.82   

Ls 0.5 mm 0.508 mm tan� (AG) 0.005   

Tcopper 17 μm 17±3 μm TAG 66 μm 62-67 μm  
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tolerance. During the measurement, different ports of the DFs were terminated 

properly to characterize the corresponding S-parameters. To simplify the load switch 

for the two terminated ports, we utilized 10mm long RF absorbers to attenuate the 

reflection. The reflection from these two terminated ports is approximately -16 dB at 

95 GHz, which will slightly affect the measured S-parameters of the proposed DFs. In 

the practical application, both resistors and absorbers may be required to eliminate the 

reflection.  

5.3.3.3.1 Single-loop DFs 

The simulated and measured S-parameters of the asymmetric single-loop DF in 

the hybrid substrates are illustrated in Figure 5.10 (a), showing good agreement. It can 

be seen that the measured insertion loss of the passband is 5.2 dB at 95 GHz, and the 

3dB bandwidth is 4.8% centered at 95 GHz. The isolation is better than -17 dB, and 

the reflection is lower than -16 dB at 95 GHz. Limited by the coupling efficiency of 

the directional coupler, the through signal, S21, is approximately -9 dB at 95 GHz. In 

this case, the through signal can be fed into another DF to reduce the through loss. The 

measured out-of-band rejection of the passband is slight higher than the simulated 

result, which may be attributed to the reflection from the terminated ports attached 

with RF absorbers.  

5.3.3.3.2 Cascaded double-loop DFs 

The simulated and measured S-parameters of the cascaded DFs in the hybrid 

substrates are illustrated in Figures 5.10 (b) and (c). By cascading two DFs, the 

insertion loss (S31), isolation (S41), and through loss (S21) can be improved significantly 

with a cost of slightly increased bandwidth and reflection. At Pd = 1.9 mm, the 
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corresponding phase delay � between two DFs is 2�. The measured insertion loss of 

(a) 

(b) 

(c) 

Figure 5.10. Measured and simulated S-parameters of (a) the asymmetric single-
loop DF with ps = 0.37 mm and cascaded double-loop DFs with Pd = (b) 1.9mm 
and (c) 2.3 mm. 
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the passband is 3.16 dB at 96 GHz, the 3dB passband width is increased to 7.8% 

centered at 96 GHz, and the through signal is reduced to -18 dB at the center 

frequency. At Pd = 2.3 mm, the corresponding phase delay � between two DFs 

becomes 5�/2. The measured insertion loss is increased to 5.4 dB at 95.5 GHz due to 

the destructive phase delay between the DFs. Two transmission zero points can be 

introduced to achieve a narrow bandwidth of 4% centered at 95.5 GHz. The measured 

reflection ��� and isolation ��� of these two cascaded double-loop DFs are below -12 

and -10 dB, respectively.  

The center frequency of the measured data is slightly higher than that of the 

simulated ones, which can be attributed to the over etching. The over etching slightly 

reduces the loop length as well as the width of the MS lines, which slightly reduces the 

effective dielectric constant. The insertion losses of the DFs in the hybrid substrates 

Table 5.2. Insertion loss, bandwidth, and out-of-band rejection of the directional 
filters. 

Sub. Config. Pd (mm) loss (dB) BW Rejection (dB)  
LCP S. Sym.  4.6 5.8% -25(L)/-11(H)  

Hybrid S. Sym.  5.3 6% -27(L)/-12(H)  
LCP S. Asym.  4.6 4.9% -30(L)/-14(H)  

Hybrid S. Asym.  5.2 4.8% -30(L)/-16(H)  
LCP D. Asym. 1.9 2.5 8% -27(L)/-23(H)  

Hybrid D. Asym. 1.9 3.16 7.8% -40(L)/-26(H)  
LCP D. Asym. 2.3 4.8 4.2% -20(L)/-11(H)  

Hybrid D. Asym. 2.3 5.4 4.0% -20(L)/-12(H)  

Sub. and Config. denote the substrates and loop configuration, respectively. 
BW and Rejection denote the 3dB bandwidth and out-of-band rejection of the passband, 

respectively. 
 (L) and (H) denote at low and high frequencies, respectively. 
S. and D. denote single-loop and double-loop, respectively. 
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are approximately 0.7 dB lower than their counterparts in LCP substrates, which is due 

to the AG bond-ply with low dielectric constant and large thickness. Cascading two 

single-loop DFs can reduce the insertion loss by a factor of 2 dB. The insertion loss, 

bandwidth, and out-of-band rejection of the single-loop and double-loop DFs in the 

LCP substrates and hybrid substrates are listed in Table 5.2.  

5.4 Summary 

In this chapter, I first discussed the detailed challenges for the design of filters 

and directional filters using the commercial state-of-the-art circuit print technologies 

in Section 5.1. Then, a second-ordered SIW-based filter 94 GHz was presented in 

Section 5.2, consisting of two cascaded cavities and an iris window. A passband of 8% 

centered at 94 GHz and a low loss of 1.5 dB at 94 GHz were demonstrated for the 

proposed filter. This effort demonstrates the application possibility of the SIW filters 

in multilayer LCP substrates at W-band using commercial PCB technologies. In 

Section 5.3, slot-coupled travelling-wave DFs in multilayer LCP and hybrid substrates 

were presented. The proposed single-loop DF consists of two dual-slot quarter-

wavelength directional couplers and one loop resonator with a circumference of two 

wavelengths at 95 GHz. To improve the directivity, asymmetric loop is carefully 

designed. The passband insertion loss and 3dB bandwidth of the single-loop DF in 

LCP substrates are approximately 4.6 dB at 94 GHz and 4.9% centered at 94 GHz, 

respectively. To further improve the directivity and reduce the insertion loss, two DFs 

can be cascaded in series. An insertion loss of 2.6 dB can be achieved for the cascaded 

DFs in LCP substrates. Limited by the practical applications, AG bond-ply is utilized 

to substitute the LCP bond-ply, slightly reducing the coupling efficiency of the coupler 

and increasing the insertion loss of the DFs. The simulated and measured insertion 
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loss of the single-loop and double-loop DFs in the hybrid substrates is increased to 5.4 

dB and 3.1 dB at 95 GHz, respectively. This is the first time the DFs are designed and 

demonstrated at W-band.  
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CONCLUSION AND FUTURE WORK 

In this chapter, I first summarize my work presented in this dissertation and 

emphasize the major accomplishments. Then, my following work on the fully-

packaged front-end receiving modules and their applications in wireless systems at W-

band are discussed. 

6.1 Conclusion 

In this dissertation, I have presented the individual components of a W-band 

front-end receiving module based on multilayer liquid crystal polymer substrates, 

which can be potentially utilized in a variety of wireless systems, such as wireless 

communication, radar, and radiometry. The advantages and benefits of the proposed 

module are summarized as follows.  

� The passive RF components of the proposed module address low dielectric loss 

at W-band due to the low loss tangent and low dielectric constant of the LCP 

substrates. Additionally, LCP can provide low cost, light weight, and low 

water absorption for the module.  

� The developed multilayer circuits achieve small size, light weight, high density 

for assembly, low interconnection loss, layer-to-layer isolation, and multi-

function capability. 

� MCM technologies enable the proposed module to obtain high net gain and 

low noise figure, which are virtually preferable in all wireless receivers.  

Chapter 6
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� The proposed module is fabricated on 12×18 inch LCP panels using the 

commercial state-of-the-art large-panel circuit print technologies to reduce the 

unit cost and manufacturing cycle as well as enable large-volume production. 

The proposed receiving module comprises antennas, various transmission lines and 

their transitions, LNAs and their integration circuits, and filters. All these components 

except filters can provide an ultra-wide band covering most of the frequencies at W-

band, which can satisfy the bandwidth requirement of the gigabyte data rate wireless 

communication. For the narrowband applications, the designed filters can be utilized 

to efficiently pick out the spectra of interest with low insertion loss and high out-of-

band attenuation. The developed components can also be utilized for other 

applications, such as transmitters and transceivers, whose novelties were presented in 

the previous chapters separately:  

� In Chapter 1, I first discussed W-band frequencies and the challenges at W-

band. Then, I presented three important wireless applications, namely, wireless 

communication, radar, and radiometry, which can use a common front-end 

receiving module. 

� In Chapter 2, a MS-fed high gain linearly tapered antipodal slot antenna on a 

100μm thick LCP substrate was presented. By using an MS-to-APSL balun, 

the proposed antenna achieves an ultra-wide bandwidth from 47 to 110 GHz. 

An optically-addressed antenna far field measurement system based on optical 

upconversion was developed and constructed to characterize the antenna at 

high frequencies. A high gain of 17±0.5 dBi, narrow beamwidth, low side 

lobes, and low cross-polarization were demonstrated for the proposed antenna 

at E- and W-bands. 
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� In Chapter 3, I presented a CBCPW-to-stripline vertical transition, a MS line-

to-SIW transition, a SIW-to-rectangular waveguide transition, and a MS-to- 

CPW transition at W-band, all of which can be utilized in the multilayer LCP 

based front-end receiving module. The proposed transitions achieve low 

insertion loss, low reflection, and ultra-wide bandwidth. Different transmission 

lines and the corresponding transitions can be utilized for different applications. 

� In Chapter 4, the integration and packaging technologies for high-gain multi-

chip module at W-band were presented. By using these technologies, a double-

LNA module was developed in multilayer LCP substrates, achieving high 

density, light weight, low interconnection loss, and perfect EMC at W-band. A 

high gain of 46-50 dB, a low noise figure of less than 6 dB, and linear phase 

were demonstrated for the proposed double-LNA module from 80 to 100 GHz. 

� In Chapter 5, I presented a SIW-based filter and a MS-based directional filter 

at 95 GHz. The former is comprised of only twenty four micro vias, and 

demonstrates the manufacturing possibility of W-band SIW filters using the 

commercial large-panel PCB fabrication technologies. The latter addresses low 

reflection and high directivity, and can be utilized for frequency division 

multiplexing. This is the first time that directional filters are reported at W-

band. Both filters achieve low insertion loss and high out-of-band rejection at 

W-band.  

Assembling these components will enable the realization of a high density, high gain, 

low noise figure, light weight, and low cost front-end receiving module, as illustrated 

in Figure 6.1. To achieve frequency division multiplexing, directional filters can be 

integrated into this receiving module. For high-power applications, the last LNA can 
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Figure 6.1. Configuration of a multilayer LCP-based ultra-wideband front-end 
module. 

be substituted with a power amplifier. For a more general application, the linearly 

tapered antipodal slot antenna can be replaced by a standard rectangular horn antenna 

integrated with the SIW-to-waveguide transition depicted in Section 3.4. The output of 

the proposed module can be either a rectangular waveguide or CPW by using the 

transitions presented in Chapter 3. The former is suitable for the general applications, 

and the latter can be utilized in EO systems.  

6.2 Future Work 

Future research should focus on additional applications of the W-band front-

end receiving modules in wireless communication, radar, and radiometry systems. For 
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instance, the directional filters can be migrated to other frequencies at W-band, and 

cascaded in series to separate the frequencies into different channels in wireless 

communication systems. The integration of duplexers and switches on LCP substrates 

may also be of great interest. The former is typically utilized for the monostatic radars, 

and the latter can be employed for the phased array antenna in radar and 

communication systems.  

At the University of Delaware, an optically-addressed radiometer, passive 

mmW imager, has been developed at 77 GHz using optical upconversion [2], whose 

configuration is shown in Figure 6.2. Unlike a focal plane array, a distributed aperture 

[21] configuration is utilized in this imager to eliminate the need for mmW lens and 

expensive detection electronics for each pixel. The phase and amplitude of the mmW 

signals are captured by the antennas distributed in a flat or conformal array. These 

signals are then up-converted onto a telecommunication laser carrier, generating two 

optical sidebands, and routed via light weight fiber optic waveguides to an optical 

processor. This approach can reduce the SWaP of the imaging system. The compact 

optical processor maps the fiber signals to the homothetic configuration of the antenna 

array, filters off one of the mmW sidebands, and coherently combines each of the 

signals onto a standard short wavelength infrared (SWIR) camera for imaging. 

To make the system more manufacturable and reduce size, weight, power, and 

cost (SWaP-C) of the instruments, multilayer LCP based compact receiving modules 

with simplified housing have been developed for the imager to mitigate these factors. 

The proposed receiving module comprises three LNAs, two directional filters, a 

standard WR-10 waveguide as the input interface, and a CPW output for the 

integration with a LiNbO3 EO modulator. Multiple LNAs can achieve higher net gain 



 124

and low noise figure, thus distinguishing the black body radiation signals from the 

system noise. The directional filters are utilized to obtain narrow bandwidth and drop 

the undesired power to the loading ports, while maintaining low reflection back to the 

LNAs. Figure 6.3 illustrates a packaged receiving module, which can provide a net 

gain of 62 dB at 96 GHz, a narrow bandwidth of 5% centered at 96 GHz, and a noise 

Figure 6.2. Passive mmW imager at 77 GHz. 
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figure of less than 6 dB on average at the working frequencies. The detailed design of 

this module will be discussed in my future paper. 

 
  

Figure 6.3. Packaged receiving module based on multilayer LCP substrates for 
mmW imaging at 95 GHz. 
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